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PREFACE TO THE FIRST EDITION 


This textbook is designed to form a complete treatise on plane 
surveying with such parts of geodetic work as are of interest to the 
civil engineer. The author would emphasise at the outset that he 
does not claim that a knowledge of geodesy is a very essential 
part of the equipment of the engineer The execution of surveys 
of such extent and character as to necessitate the general methods 
of geodetic surveying and levelling does, however, occasionally fall 
within his province For this reason, a knowledge of its principles 
is required in the examinations of the Institution of C^ivil Engineers 
and of universities and colleges 

In a general text on surveying there is little room for originality, 
except in treatment. Although this work is intended to serve as 
a reference book for practising engineers and surveyors, the chief 
aim has been to cover ground suitable for a degree course, and, 
while it IS hoped that the book will prove of value to those pursuing 
a college course, the needs of the self-taught student have been 
specially kept in view. In consequence, many explanatory notes 
and practical hints have been inserted, particularly with refer- 
ence to the more common surveying operations The latter are 
not meant to take the place of practice in the field, which, needless 
to say, IS an essential part of a training in surveying, but arc in- 
tended as a guide to the reader with limited opportunities for 
field practice, "and arc mainly suggested by the author’s experience 
of the initial mistakes of young engineers in practice and of students 
undergoing field training in camp 

The subject matter is presented in two volumes The first covers 
in ten chapters the more common surveying operations of the 
engineer, and the second deals with astronomical and geodetic 
work and the methods employed in large surveys generally 

In the arrangement of the present volume it has been thought 
desirable, for convenience of reference, to group descriptions of 
the more commonly used instruments and their adjustments to 
form Chapter I. It is hoped that the detailed method of treating 
the subject of adjustments will afford a sound understanding of 
the geometrical principles in each^ase. In Chapters II to VI the 
subjects of Chain Surveying, Theodolite and Compass Traversing, 
Ordinary Levelling, Plane Table Surveying, and Contouring are 
described as applied to cadastral and engineering surveys. Chapter 
VII deals with the office work of computing areas and volumes, the 

vii 
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latter with particular reference to the measurement of earthwork 
quantities. The practice of setting out works is treated in Chapter 
VITI. The setting out of railways is the only branch of this subject 
meriting detailed description, and problems in connection wdth the 
setting out of simple, compound, reverse, and transition curves are 
treated. The principles and practice of Tacheometry are given 
in Chapter IX, and Hydrographical Surveying, including Marine 
Surveying and Stream Measurement, is dealt with in Chapter X. 
Owing to the number of texts available on mine surveying, no special 
reference has been made to that subject 

Sets of illustrative numerical examples and answers are given 
for practice For permission to reproduce questions set by the 
Institution of Civil Engineers, the University of London, and the 
Royal Technical College, Glasgow, the author desires to express 
his thanks to the authorities concerned 

Lists of references have been inserted, after the appropriate 
chapters, on such subjects as readers might w^sh to pursue further. 
The author would gratefully acknowledge the assistance he has 
derived Irom these and other books and papers on Surveying 

1 ) C. 


PREFACE TO THE SECOND EDITION 

In the preparation of this edition it has been found desirable to 
enlarge the text and to re -write a considerable part of the book. 
The number of illustrations has also been increased The eight 
years which have elapsed since the issue of the First Edition 
have witnessed extensive developments in the design and manu- 
facture of surveying instruments, and an endeavour has been 
made to bring the book up to date in respect of these. For 
permission to reproduce questions set by the Institution of Civil 
Engineers, the University of London, the Royal Technical College, 
Glasgow, and Trinity College, Dublin, the author desires again 
to express his indebtedness. He would also express his thanks to 
Messrs. C. F. Casella and Co , Ltd., Cooke, Troughton and Simms, 
Ltd., George Russell and Co., Ltd., E. R. Watts and Son, Ltd., 
Henry Wild Surveying Instruments Supply Co. Ltd., and Carl 
Zeiss for placing at his disposal information regarding their recent 
instruments. He gratefully acknowledges his further indebtedness 
to Messrs. Cooke, Troughton and Simms for permission to repro- 
duce Figs. 71, 72, and 301, to Messrs. C. F. Casella and Co. and 
Henry Wild Co. for Fig. 69, and to Messrs. Carl Zeiss for Fig. 102. 

D. C. 

TbJSJTY COLIiEOE, 

Dublin, 1931. 
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PLANE AND GEODETIC 
SURVEYING FOR ENGINEERS 

PLANE SURVEYING 
INTRODUCTION 

Surveying is the art ol Twaking sueli measurements of the relative 
positions of points on the surface of the earth that, on drawing 
them down to scale, natural and artificial features may be ex- 
hibited in their correct hcvrizontal or vertical lelatumship 

Less comprehensively, the term, “ surveying*” may be limited 
to operations directed to the Tepiesentatum of ground features in 
plan Methods whereby relative altitudes are ascertained are 
distinguished as " levelling,” the results being shown either in 
vertical s(‘ction or convent lonaJly in plan 

Plane and Geodetic Surveying. — A plan is a projection upon a 
horizontal plane, and in its construction all linear and angular 
measurements drawn dowm must be horizontal dimensions It is 
impossible to give a com])let(' n^presentation of distances following 
the undulations of tlie ground other than by a scale model Now 
a horizontal plane is one normal to the direction of gravity as 
indicated by a jilumb line, but, on account of the spheroidal form 
of tho earth, the directions of plumb lines suspended at different 
parts of a survey are not, in normal circumstances, strictly parallel, 
and the horizontal plane at one point does not precisely coincide 
wuth that thiough any other point No leference is here made to 
surface irregularities, the effect being due to the curvature of the 
earth’s mean surface, which is taken to be that conespondmg to 
mean sea level supposed extended round the globe 

In surveys of small extent the effect of curvature is quite 
negligible, and it is justifiable to assume that the mean surface of 
the earth is a horizontal plane within the area covered Surveying 
methods based on this supposition are comprised under the head of 
Plane Surveymg. The assumption becomes invalid in the accurate 
survey of an area of such extent that it forms an appreciable part 
of the earth’s surface Allowance must then be made for the 
effect of curvature, and the operations belong to Geodetic Surveying » 
No definite limit can be assigned for the area up to which a 
survey may bo treated as plane since the degree of accuracy 
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required forms the controlling factor The sum of the interior 
angles of a geometrical figure laid out on the surface of the earth 
differs from that of the corresponding plane figure only to the 
extent of one second for about every 70 square miles of area, so 
that, unless extreme accuracy is rerjuired, plane surveying is 
applicable to areas of several hundreds of square miles 

Plane Surveying. — Plane surveying is of wide scope and utility, 
and its methods <are emploj^ed in the vast majority of surveys 
undertaken for various purposes, such as engineering, arc4:iitectural, 
legal, commercial, scientific, geographical, exploratory, military, 
and navigational As applied to civil engineering, all surve 5 ung 
methods are utilised in the various surveys required for the location 
and construction of the different classes of works within the province 
of the engineer I’hese surveys embrace rapid reconnaissances of 
an exploratory character undertaken to facilitate the selection of 
an approximate site for the work These are followed by more 
detailed surveys of the selected region, in which a much greater 
degree of accuracy is sought, and from which the best location is 
ascertained. The obtaining of various data required in the design 
of the proposed works forms part of the preliminary opeiations, 
and may involve surveying methods of a specialised character 
Previous to and during construction, the suiveyor’s duties also 
include the routine of setting out the line's and levels of the Avorks 
and the measurement of areas and volumes 

Geodetic Surveying. — Geodetic surveys are usually of a national 
character, and are undertaken as a basis for the production of 
accurate maps of wide areas, as well as for the furtherance of the 
science of geodesy, which treats of the size and form of the earth 
The most refined instruments and mt'thods of observation are 
employed, and the operations are directed to the determination of 
the absolute positions on the earth’s surface of a series of points 
which serve as controls for all other surveys 

Field and Office Work. — A record of measurements made on the 
ground is usually^ in plane surveys at least, of little or no service 
until the dimensions are laid down to scale on a drawing The 
usual stages in the production of the finished drawing may be 
summarised as 

Field Work ■ (a) A preliminary examination, or reconnaissance, 
of the ground to discover how best to arrange the work 

(6) The making of the necessary measurements. 

(c) The recording of the results in a systematic form . 

Office Work . (a) The making of any calculations necessary to 
transform the field measurements into 8j form suitable for plotting. 

(h) The plotting or drawing down of those dimensions. 

(c) The inking-in and finishing of the drawing 

(d) The calculation of quantities to be shown on the drawing 
for sjiecial purposes, such as areas of land, etc. 
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Principles of Surveying. — The fundamental principles upon which 
various survey methods are based are themselves of a very simple 
nature, and may be stated here in a few lines. 

It is always practicable to select two points in the field and to 
measure the distance between them. These can be represented on 
paper by two points placed in a convenient position on the sheet 
and at a distance apart depending upon the scale to which it is 
proposed to plot the survey. From these initial points others can 
be located b}^ two suitable measurements in the field and laid down 
in their relative positions on the sheet by means of appropriate 
drawing instruments Points so obtained serve in turn to fix the 
positions of others. 
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The more direct methods of locating a point 0, with respect to 
two given points A and B, are illustrated in Fig. 1. 

(a) Distances AC and BC are measured, and C is plotted as the 
intersection point of ares with centres A and B and radii scaling 
the measured distances This system is employed in linear or 
chain surveying (Chap II). 

(b) Perpendicular CD and the position on AB of its foot D are 
measured, and C is plotted by the use of a set-square. This method, 
termed ofisetting, is used, in combination with other surveying 
systems, for locating subsidiary jioints not required for extending 
the survey, but for defining details. 

(c) Distance AC and angle BAC are measured, and C is plotted 
either by means of a jirotractor or trigonometrically The traverse 
method of surveying (Chap III) is founded on this principle. 

(d) Angles BAC and ABC are measured, and C is plotted by 
solution of the triangle or by use of a protractor. Distance AB 
being known, C is located without further linear measurement, 
and, in consequence, the method, known as triangulation, is 
applicable to tlic most extended surveys, in which it is desirable 
to reduce linear work to a minimum. 

(e) Angle BAC and distance BC are measured, and C is plotted 
trigonometrically or by protracting the angle and swinging an arc 
from B. This method is of minor utility, and is required only in 
exceptional cases. 
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The same methods could he employed in measuring relative 
altitudes as well as positions in plan, but for this purpose methods 
(b)f (c), and (rf) only are of practical utility If the diagrams are 
regarded as elevations, with AB horizontal, ordinary spirit levelling 
(Chap. IV) is illustrated by (h). The elevation of C relatively to 
that of A is obtained by establishing instrument ally a horizontal 
line AB through A, such that AB and are in the same vertical 
plane, and measuring the vertical distance C^D Trigonometrical 
levelling (Vol JI, Cliap V) is exemplified in (c) and (d) 

Several of the above systems, both for horizontal and vertical 
location, may be employed in the same survey, apd various types 
of instruments are available for the angular and linear measure- 
ments A survey may therefore be executed in several ways by 
different combinations of instrumenls and methods, and some 
parts of the work may require different treatment from others 
The principal factors to be considered are the purpose of the survey 
and the degree of accuracy required, the nature of the country, 
the extent of the survey, and the time available for both field and 
office work To select the methods best suited to a particular 
case demands on the pait of the surveyor a degree of skill which 
can be acquired only by experience 

Nature of the Subject.— B}^ virtue of the simplicity of the' under- 
lying principles of surveying, there is littk' of theory to be studied, 
and a training in the subject must be chiefly directed tow^ards 
a thorough working knowledge of field methods and the associated 
instruments, as well as of office routine* Success in the field is the 
outcome not only of skill in solving the larger problems connected 
with the general organisation of surveys, but also of attention to 
the methodical performance of the numerous details of field work 
Frequent practice in the field under expert guidance saves the 
beginner much memorising of these details, makes for skill and 
speed in manipulating instruments, and promotes systematic 
habits of work Numerous minor problems requiring special treat- 
ment are likely to be encountered in field work, and to the beginner 
these are apt to assume a more difficult aspect on the ground than 
they do on paper A little experience is necessary before one can 
entirely overcome the distractions of field conditions, especially 
when these are aggravated by physical fatigue and bad weather 

Even in favourable circumstances there are many ways in which 
errors may enter into the work, and it is important to realise that 
absolute 'precision can never he attained. Any desired degree of 
refinement of practical utility may, however, be secured by the 
use of suitable instruments and methods of observation The 
surveyor must keep in view the uses to w^hich his results will be 
put, and must select those methods which will yield sufficient 
accuracy for the purpose. Much time may be wasted in needless 
refinements, and the necessary judgment must be cultivated by a 
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study of the nature and relative importance of the various sources 
of error affecting different surveying operations 

Errors. — While a knowledge of the theory of errors, as dealt 
with in Vol II, Chap IV, is not required in connection with 
small surveys, it is desirable at the outset to distinguish between 
the different kinds of error to which all survey operations are 
subject These msiy bo classified as mistakes, systematic or cumu- 
lative errors, and accidental or compensating errors 

Mistakes arise from inattention, inexperience, or carelessness. 
Since an undetected mistake may produee a very serious effect 
upon the final results, the surveyor must always arrange his work 
to be self -checking, or take such check measurements as will ensure 
the detection of mistakes On discovering that a mistake has been 
made, it may be necessary to repeat the whole or part of the survey. 
It should, however, always be possible for the surveyor to guarantee 
that his completed work is free from mistakes 

Sf^stematic Errors are those which are n^cognised as existing in 
the performance of any particular survey operation Their character 
IS understood, and their effects can be eliminated either by the 
exercise of suitable precautions or by the application of corrections 
to the results obtained 8uch errors are of a constant character, 
and are regarded as positive or negative according as they make 
the result too great or too small Their effect is therefore cumu 
lative thus, if, in making a measurement with a 50-ft linen 
tape which is 1 in too Jong, the tape is extended ten times, the 
error from this source will evidently be 10 in The effects of con- 
stant errors may become very serious, and the pn^cautions to be 
adopted against them in various field operations are treated in 
detail throughout the text 

Accidental Errors include all unavoidable errors which are present 
notwithstanding that every precaution may have been taken. 
They arise from various causes, sueh as want of perfection of human 
eyesight in observing and of touch in manipulating instruments, as 
well as from tht' lack of constancy in the conditions giving rise to 
systematic errors Thus, in the example cited above the error 
of 1 in in the tape may fluctuate a little on either side of that 
amount by reason of small variations in the pull to vhich it is 
subjected or even by changes in the humidity of the atmosphere 
Such errors are of minor importance in ordinary surveying opera- 
tions They are of a compensating character, since they are un- 
likely to be of the same sign throughout, and therefore to a large 
extent balance out in the final results In consequence, it is needless 
to adopt elaborate precautions against the occurrence of errors 
of this type while possibly overlooking the propagation of serious 
cumulative errors. 
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INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 

Before proceeding to consider the actual work of surveying it is 
desirable that a knowledge of the instruments employed should 
be obtained, and in this chapter are described the instruments 
in most regular use by the engineer and surveyor in the everyday 
work of chain and angular surveying and levelling. Those of a 
more specialised character are treated later under the branches of 
surveying with which they are related 

While the necessity for a thorough understanding of instruments 
is self-evident, it is not suggested that the surveyor need at first 
make an exhaustive study of the construction of all the fittings 
which go to make up his instruments The more detailed his 
knowledge, however, the better qualified will he be to effect tem- 
porary repairs— an important matter when working far from head- 
quarters In general, these individual fittings can be treated in 
groups forming definite and essential parts of the instrument, and 
the fundamental principles underlying the arrangement, use, and 
adjustment of the instrument arc to be studied by reference to the 
functions and relationships of those parts. 

The Nature of Adjustments. — Adjustments are of two kinds — 
Tem'porary and Permanent, The former are those which have to 
be made at each setting up of the instrument, and, as they form 
part of the regular routine in using the instrument, need no pre- 
liminary explanation The so-called permanent adjustments, on 
the other hand, arc directed to eliminating errors of workmanship 
or defects which may develop either through wear or accident, and 
in general consist in setting essential parts into their true positions 
relatively to each other. 

The method of making these adjustments in any instrument is 
entirely dependent upon the arrangement of its essential parts and 
the geometrical relationships they are designed to bear to each other. 
The adjustment of an instrument is simply a practical problem in 
geometry. Unless so regarded, the operation can only be performed 
mechanically, and the methods will be much more readily forgotten 

Note — ^The examination of an instrument from the geometrical standpoint 
should lead the student to a consideration of — 

(1) The nature of the errors of measurement made by the instrument due 
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to (a) erroneous relationLships between adjustable parts, (6) defects in non- 
adjustable parts 

(2) The method of maiiiputation whereby these errors may be reduced to 
a minimum 

(3) The manner in whicli the instrument should be tested to discover 
whether it is in adjustment or not. 

(4) The nature of the correction necessary to eliminate an error discovered 
m the test 

The Principle of Reversal. — In testing for instrumental errors, 
considerable use is made of the method of reversal. Such tests 
are usually directed to examining whether a certain part is truly 
parallel, or perpendicular, to another, and on reversing the one part 
relatively to the other, erroneous relationship between them is 
made evident 

To take the simple instance of examining the perpendicularity 
between two edges of a set-square, let the line BO (Fig 2) be 


drawn with the set-square in the first position, i 

and BO' after reversal The reversal consti- 
tutes the test, for if 0 and 0' coincide, the | 

required condition that ABC' = 90° obtains If o f o 

not, let c be the angular error Then clearly / 

CBC' = 2e, or the apparent error on reversal B 

is twice the actual error, and therefore, if 2 

correction is possible, the error to be elimin- 


ated 18 only half the amount of the apparent error The example 
further illustrates how good results are obtainable from a defective 
instrument, viz by reversing and taking the mean of the two 
erroneous results As a second example of the effect of reversal, the 
level tube (page 30) should be studied 

Notes on Adjustments. — 1 Most instruments have several re- 
lationships to be established by adjustment, and it is important 
that these should be performed m such sequence and in such a 
manner (a) that those first executed will not be disturbed in making 
subsequent adjustments, (6) that, in performing any adjustment, 
possible errors of the adjustments to follow will be balanced out, 
if they arc such as to influence the accuracy of that under examina- 
tion 

2. As it IS sometimes troublesome to ensure that a particular 
adjustment will be quite independent of the others, it is well to repeat 
the adjustments from first to last and so gradually perfect them all, 
especially if serious errors have been discovered. 

3 In making an adjustment, it is difficult to eliminate an error 
completely at the first trial, and the test and correction should be 
repeated a number of times, using greater refinement as the error 
decreases. 

4. Instability of the instrument makes it almost impossible to 
adjust it satisfactorily, and the instrument should therefore be 
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placed upon firm ground In adjustments involving the taking of 
test sights, parallax (page 25) must be carefully eliminated. 

5 Adjusting screws must be left bearing firmly, so that they will 
not slacken on being accidentally touched, but at the same time 
they should never be forced The nuts are commonly provided 
with holes into which an adjusting pin may be ficted, and, being 
rotated in the manner of a capstan, are usually referred to as 
capstans In using them, consideration must be given to the 
required direction of rotation 

6. The length of time an instrument will maintain its adjust- 
ments to the accuracy with which they are marde depends both 
upon the instrument and the manner in which it is handled Some 
adjustments are of much greater importance than others, and 
require more frequent examination In precise work these should 
be tested every day To obtain the best results in surveying, it is 
assumed that no instrument is free from error, and the routine in 
observing must be arranged to eliminate the effects of residual 
errors left after adjustment, latent errors which may have developed 
since adjustment, and inherent defects in the non-adjustable parts. 

PARTS COMMON TO SEVERAL INSTRUMENTS 

Before proceeding to a consideratK n of j)aiticular mstiuments, 
some features common to various instruments will be treated 
separately Parts thus dealt with are the telescojie, level tube, 
vernier, magnetic needle, and tripod stand 

THE TELESCOPE 

In the majority of surveying instruments the several fittings 
may be broadly classed according to their functions as optical 
parts and measuring parts In many instruments, such as the 
theodolite and the level, the optica] fittings take the form of a 
telescope, the use of which is to assist the eye in obtaining distinct 
vision of distant objects, as well as to furnish a definite line of 
sight of which the direction and inclination may either be known 
or are to be measured The provision of a telescope in such instru- 
ments is not absolutely essential, but the utility and accuracy of 
the instrument would be greatly impaired without it Some 
instruments, however, such as the tacheometer, the photo -theodolite, 
and the sextant, depend for their action upon certain laws of optics, 
and in these the optical parts are essential and assume the character 
of measuring parts. 

A knowledge of the principles underlying the optical arrange- 
ment of the telescope is helpful both in the everyday use and the 
adjustment of the instruments of which it forms a part, and the 
student should therefore have some acc^uaintance with the elem(5jits 
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of the science ol optics. To introduce a description of the surveying 
telescope, the elementary principles relating to image formation by 
lenses will here be summarised 

Definitions. — A Lens may be defined as a portion of a transparent 
substance enclosed between two surfaces of revolution which have 
a common normal, termed the Principal Axis of the lens The 
curved surfaces employed are of spherical form, but one of the 
surfaces may be plane 

Lenses arc classed as convex or concave The various forms 
are shown in Fig., 3, these being distinguished as (a) double convex 
or biconvex , (6) plano-convex , (c) concavo-convex or positive 

meniscus , (d) double concave or biconcave , (e) plano-concave ; 
(/) convexo-concave or negative meniscus In the case of a and d the 
curvature of the two siirtaces may be equal or unequal 
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The Optical Centre, or simply the centre, of a lens is that point 
on the principal axis through which ])ass all rays having their 
directions parallel before and alter lefraction A ray passing 
through this point undergoes a small lateral displacement, but, 
unless the lens is veiy thick, it is convenumt to assume that the 
emergent ray is in the same straight line as the incident ray The 
optical centre is so situated that its distances from the surfaces 
are directly proportional to their radii In the case of double 
convex and concave lenses the centre ]i(‘S within the thickness , 
in plano-convex and plano-concave lenses it is situated on the 
curved surface, while in meniscus lenses it is outside the lens and on 
the same side as the surface of smaller radius 

A Serondary Axis is any stra.ight line, other than the principal 
axis, passing through the centre of a lens 

Refraction through Lenses. — The nature of the refraction of 
rays traversing a convex lens is such that a beam of light is on 
emergence more convergent or less divergent than at incidence 
Such lenses may be referred to as converging lenses in contra- 
distinction to concave or diverging lenses, which have the opposite 
effect The influence of the curvature of the surfaces is to produce 
different angles of deviation on the individual rays of a beam 
according to the position of their points of incidence, and such 
that if all the incident rays pass through a point on the principal 
axis, the refracted rays, produced if necessary, will pass more or 
less exactly through sonu' other point oji the axis, 
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In Fig 4 an axial parallel beam of light is shown incident upon 
a convex lens, the source of the light being an infinitely distant 
point on the ])rincipal axis The constituent rays after refraction 
converge to a point F on the principal axis This point is termed 
the Principal Focus of the lens, and in the case of thin lenses its 
distance from O, the optical centre, is called the Focal Length, a 
quantity which will be designated by / In the case of the concave 



Fio 4 Fig 5 


lens (Fig T)) the paiallel rays are, after refraction, made to diverge 
from the principal focus, which lies on the same side of the lens as 
the incident beam 

The principal focus may be regarded as the point at which is 
formed an image of the distant source of light In the case of the 
convex lens, the refi-act(‘d rays actually pass through F, and the 
image IS real, so that it could be received on a screen With a 
concave lens, however, the diverging rays have to be produced back- 
wards to locate the point of divergence F The image in this case has 
no real existence, and it is said to he a virtual image 

The Power of a len^ is the reciprocal of its focal length, and is con- 
sidered to be positive for a convex lens and negative for a concave 
The unit of poiver is the diopter, which is the pow^r of a lens having a 
focal length of one metre Thus, a convex lens of 20 cm focal length 
has a power of 5 diopters 

In the ease of a lens formed of two or more individual thin lenses 
in contact, the power of the combination is the algebraic sum of the 
pow(us of the separate lenses If the focal lengths of the several 
lenses in contact are etc , the relationship, 

1 . i + 1 + . . , 

/ f' f" 

enables the focal length / of the combination to be obtained Thus, 
if a convex lens of 7 ^ in focal length is cemented to a concave lens 
of 30 in. focal length, the focal length of the combination is given by 

i ^ JL - 1 

/ 7i 30* 

w^hence -|-10 in , the resulting lens being converging. 
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Conjugate Foci.— If rays of light proceeding from a point P on 


the principal axis are refracted 
pass through another point 
P', also on the principal axis 
(Fig 6) The object point P 
and the image P' are reciprocal, 
and are termed conjugate foci 
If the distances from O to P 
and P' are denoted by and /g 
respectively, it may be sliown 
that 



through a lens, the emergent rays 



1 _ _ 1 _ 
h /’ 


provided the following sign convention is observed. The focal 
length of a convex lens is positive, and tliat of a concave lens is 
negative A distance from the optical centre of the lens to the 
source P, measured in the direction opposed to that of travel of the 
light, is regarded as positive ; but if measured in the direction of the 
light, lb IS negative A distance /g from the optical centre of the lens 
to the image P', measured in the direction of travel of the light, is 
positive , if measured against the direction of the light, it is negative 
The object distance is negative only in the case where the lens 
receives rays converging to a point P behind the lens, P belonging to 
a virtual object 

Notes — (1) The above equation for conjugate focal distancea is applicable 
only to cases Jii which the thickness of the lens is sufficiently small to be 
negligible in comparison with the conjugate disbanceH, but it is sufficient for 
our requirements Tlio equation does not apply to conjugate focal distances 
along secondary axes. 

(2) The reader may accustom himself to tlio sign convention by verifying 
the following positions of the image for the given positions of an object point 
in the cases of lenses of 10-m focal length When the object point is behind 
the lens, it is to be understood that the ravs incident upon the lens converge 
towards that point, but do not actually pass through it 


Object Point dt 
Infinity m front 
20 m ,, 

10 m ,, 

10 in behind 
20 in ,, 
Infinity ,, 


Ccm\ ex; Lena 
IniAjce at 

10 in behind 
20 111 
Infinity 
5 in behind 
0 7 in. „ 

10 in „ 


Cone ai e Lena 
Iniase at 

10 m in front. 
6 7 in „ 

5 in ,, 
Infinity 
20 m in front 
10 m ,, 


The Image of a Body. — Considered optically, a body is simply a 
collection of points. Cones of rays proceeding from those points, 
if incident on a perfect lens along any axis, are so refracted that 
they are brought to a focus, thereby forming an image of the 
point and in the aggregate an image of the body. To determine 
the position of the image of any point on the body, it is evidently 
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sufficient to trace the paths of any two rays from it to their inter- 
section after refraction The two rays most easily located are those 
which pass through the optical centre and the principal focus 
respectively These are used in the case of Fig 7, which illustrates 
the formation by a convex lens of a real inverted image of an object 
situated at a distance from 0 greater than / The distances and 
/a along the principal axis are again related by the equation for 
conjugate focal distances, and it js evident, from the similarity of 
triangles Oab and OAB, that the ratio of the size of the image to 
that of the object is 



Defects of a Single Lens.- A Simjile lens is found to have several 
inherent imperfections afTecting tlie formation of the image, and it 
is necessary to consider the means adopted to reduce these defects 
in order to understand the construction of the telescope* ISoine of 
the errors to which lenses are subject need not be emphasised as, 
although their corr(*ction is of considerable importance in the 
photographic lens, they are of little consequence in the surveying 
telescope, the aim of which is to afford a good image of the central 
portion only of the field of view 

The principal defects are («) diroinatic Aberration , (6) Spherical 
Aberration , (r) Coma , (r/) Astigmatism , (e) CWvature of Field ; 
(/) Distortion The first two are by far the most important, since 
they affect the sharimess of the image at the principal axis The 
others do not influence the image at the centre of the field, but are 
included on account of their possible effect in stadia tacheometry 
and in certain astronomical observations in which the image of a 
star IS observed outside tlie jirincijial axis of the lens system of the 
telescope 

Chromatic Aberration. — White light may be regarded as com- 
posed of a series of undulations, each of different wave length 
Difference of wave length eorrespoiids to difference of colour and 
also of refrangibility, and, as a consequence, a ray of white light 
after refraction at a single surface has its components separated 
from each other The visible rays which have the shortest wave 
length and greatest refrangibility are those of a violet colour, and 
wave length increases, and refrangibility decreases, through the 
range of the colours of the spectrum — violet, blue, green, yellow, 
orange, and red, 
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Chromatic aberration is that defect of a lens whereby rays of 
white light proceeding from a point are each dispersed into their 
components and conveyed to various foci, forming a blurred and 
coloured image In Fig 8, which illustrates the dispi^rsion produced 
by a simple convex lens, it wull be seen 
that a sharp image of the radiant point 
IS nowhere formed A screen placed at V 
receives an image surrounded by a halo 
of all the colours of the spectrum and 
bounded by a red fringe, and on removal 
of the screen to IJ the halo has a violet yw 8 

margin If the rays ot white light, instead 

of proceeding from a point, emanate from a white body, the middle 
portion of the image of the body is white, because the individual 
colours are recombined there, and th(‘ chromatic effects are seen 
only at the boundary of the image 

The circumstance that in diffeient varieties of glass dis])ersive 
power bears no relation to refractive ])ower renders the use of 
compound lenses available as a means of correcting the defect 
Two kinds of glass are employed, crow'n and flint, both of which are 
manufactured in a considerable ransc^ of ofitical qualities Flint 
glass has slightly the greater refracting i) 0 \\er, but its dispersive 
power IS roughly double tliat of crown By combining a crown glass 
convex lens with a concave lens of flint glass, as in telescope ob- 
jectives (Fig 14), the proportions are ariangi'd not only to yield the 
required focal length, but also so that th(‘ dispiu’sion produced by the 
convex lens is neutralised at emergence from the concave 

Practically, however, corrqilete achromatism cannot be achieved 
by the use of only two kinds of glass, since' the ratio of their dis- 
persive powers varies at different parts of the spectrum A certain 
amount of residual colour, or secondary spectrum, is unavoidable, 
but does not have a serious effect on the sharpness of the image. 
A lens which is corrected for two colours of the spectrum is said to 
be achromatic, although it is only partly so 

In eyepieces the corri'ction for chromatic alicrration is commonly 
made without compound lenses by the use of twT) plano-convex 
glasses of such projiortions, and at such a distance apart, that the 
dispersion produced at the first is eliminated by the second. 

Spherical Aberration. — Spherical aberration is a defect whereby 
the component ra^s of a beam proceeding from a point on the 
principal axis are not refracted to pass through a single point, 
but are differently focussed according to their positions of incidence 
on the lens It arises from the use of spherical surfaces, which are 
generally adopted because of the ease with which they may be 
accurately produced. 

Fig 9 illustrates spherical aberration in a convex lens, and shows 
that rays passing through the margin arc brought to a focus nearer 
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the lens than are the central rays, so that the image formed is not 
sharp. In this case the aberration is regarded as positive, that of a 
concave lens being of opposite effect or negative. The relative 
amount of error present in lenses of a given power is largely 

dependent upon the relationship between 
the curvatures of the two surfaces and 
upon whether that having the larger or 
the smaller curvature receives the incident 
rays The surface of smaller radius should 
face the more nearly parallel rays. Thus, 
if parallel light is incident upon the 
curved surface of a plano-convex lens, 
the aberration produced is only about a quarter of what it would 
be if the plane surface faced the source of light. 

Spherical aberration may be reduced to any required extent by 
diminishing the aperture so as to cut out the marginal rays, but this 
has the serious disadvantage of diminishing the brightness of the 
image. The correction is actually effected by replacing the simple 
lens by a combination of two lenses such that the positive aberration 
of one IS neutralised by the negative aberration of the other. The 
combination may consist of a convex lens in contact with a concave, 
as in telescope objectives, or of two plano-convex lenses placed at 
a definite distance apart, as in eyepieces A lens or combination of 
lenses in which the defect is eliminated is said to be aplanatic. 


Coma. — The spherical aberration described above refers to images 
produced on the principal axis, and may be distinguished as axial 
spherical aberration. The remaining defects to be noticed result 
from the spherical aberration of oblique pencils of light, the axes of 
which are secondary axes of the lens 

Rays emanating from a point on a secondary axis do not fall upon 
the lens in the symmetrical manner of an axial pencil In con- 
sequence, the resulting image is neither sharp, nor has its confused 
outline a circular form as in axial aberration The image of a point 
source of light takes various forms, such as pear- and comet-shaped, 
with an axis of symmetry directed towards the principal axis of 
the lens This effect of oblique spherical aberration is known 
as coma 

The defect impairs the sharpness of an image away from the 
principal axis. It may be reduced considerably by a moderate 
decrease in the aperture of the lens, but in the surveying telescope 
the resulting loss of brightness would be more objectionable than 
imperfection of the image towards the margin of the field. 


Astigmatism. — This effect of oblique spherical aberration is 
caused by the lens refracting the rays from an extra-axial point so 
that, instead of passing through a focal point, they pass through a 
focal line. The directions of the refracted rays are such that, on 
travelling onwards, they pass through a second focal line at right 
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angles to the first and radial to the principal axis. Between these 
two lines the best image of the point is obtained as a circular disc 

If the object consists of a sheet of paper on which are ruled two 
lines, one radial and the other tangential, a satisfactory image of one 
of the lines will be received on a screen placed at one of the focal 
lines, but the image of the other object line will be confused. On 
moving the screen to the second focal line, the lack of definition 
applies to the image of the first object line Astigmatism therefore 
prevents sharp definition in all directions simultaneously. Its 
correction in a system corrected for axial aberration necessitates 
the use of at least three component lenses. A lens combination 
corrected in this respect is said to be anastigmatic 

Curvature of Field. — Curvature is a further effect produced by the 
spherical aberration of oblique rays whereby the image of a plane 
surface normal to the principal axis is formed as a curved surface 
When received on a plane screen, such an image is not equally 
sharp all over, but, according to the position of the screen, will be 
distinct at the centre or the margin or along an intermediate circle. 
The two sets of line foci, as well as the chscs of least confusion, 
formed by a lens uncorrected for astigmatism really he upon curved 
surfaces, but curvature may also be present in the anastigmatic 
lens. 

If the object glass or eyepiece of a telescope possessed the defect 
in a marked degree, it would become necessary to adjust the focus 
to obtain a clear view of the different parts of the field Curvature 
may be reduced by the use of a diaphragm or by means of two lenses 
placed at a suitable distance apart, as in the eyepiece of the survey- 
ing telescope 

Distortion. — Distortion is the defect, arising from the same cause 
as the last, whereby straight lines on an object are not reproduced 
as straight lines in the image. It is always present in single lenses 
and in achromatic combinations of two lenses 

The error can be reduced by covering the margin of the lens by a 

^ 

U_J_J 

a b c 

Fig 10. Fig. 11. 

diaphragm placed on the surface of the glass, but it is accentuated if 
the stop IS at some distance from the lens. The action of a stop set 
at a distance from the lens is illustrated in Fig 10, which shows that 
rays passing through or near the centre of the lens may be intercepted 
by the stop S and prevented from contributing to the formation 
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of the image at its true position A, while the marginal rays pass 
through the aperture of S, and, because of their greater refraction, 
cause the image of the point to be formed at B If the object is 
rectilinear in outline (Fig 11a), the sides of the image will m these 
circumstances be convex inwards, giving rise to what is termed 
pin-cushion distortion (6). The ojipositc effect is obtained when the 
stop IS placed in front of the lens, and barrel distortion (c) is then 
produced Since the defect does not influence the centre of the 
field, and is therefore of minor importance in the measuring tele- 
scope, the use of two compound lenses with a stop between is not 
warranted in the telescope objective as it is in the. rectilinear photo- 
graphic lens 

Types of Telescopes. — Considered m its simplest form, a refracting 
telescope consists optically of two lenses, the principal axes of which 
coincide to form the optical axis of the telescope The lens nearer 
the body to be viewed is convex, and is termed the object glass or 
objective, the function of which is to collect a portion of the light 
emanating from the body The rays transmitted by it, on passing 
onwards, suffer a second refraction at the other lens, called the 
eyepiece or ocular, and are then suitably presented to the eye 
According to the form of the eyepiece and its position relatively 
to the object glass, a telescope may belong to one or other of two 
mam types. 

In KepUrs or the Astronomical telescojie (Fig 12), rays from the 
object AB are, after refraction at the objective O, brought to a 



focus before they enter the eyepiece E, and, in consequence, a 
real inverted image ha is formed in front of the eyepiece. If this 
lens is so placed that ha is situated within its focal length, the rays 
after refraction at E appear to the eye to proceed from h'a\ a 
virtual image conjugate to ha. The object AB thus appears 
magnified, inverted, and placed at h'a'. 

In Galileo's telescope (Fig 13) the rays refracted by the objective 
O are intercepted by a concave eyepiece E before a real image is 
formed. On entering the eye, they therefore appear to diverge 
from the virtual image ah, which is magnified and erect. 

Both these arrangements meet one of the requirements of a 
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telescope for use in surveying, since they afford distinct vision of 
distant objects, and from this point of view Galileo’s telescope has 
the advantage that the image is erect But the telescope, as an 
adjunct to a measuring instrument, must also be capable of furnish- 
ing a definite line of sight, and it will be shown that only the Kepler 
telescope fulfils this condition 



Fig 13 

The Line of Sight. — -By a line of sight of a telescope is meant 
any line passing through the optical centre of the objective, travers- 
ing the eyepiece, and entering the eye The line of sight, or line of 
collimation, is on(‘ such line further and visibly defined as passing 
through a point marked by the intersection of cross-threads stretched 
in front of the eyepiece in a plane at right angles to the axis 

In Fig 12, let it be supposed that these threads are situated in the 
plane of the image ba, with their intersection at tlu^ point c on the 
optical axis The line of sight cO meets the body in a certain point 
C, the real imago of which is formed at c on ha, and therefore the 
intersection of the haiis coincides with the real image of that par- 
ticular point on the object focussed which is situated on the line of 
sight Now, on viewing the image ha through the eyepiece, the cross- 
hairs are simultaneously seen focussed in h'a' , and the coincidence 
of the plane of the hairs with that of the real image ensures that 
the observed position of the hairs relatively to points on the virtual 
image h'a' is the same as on the real image The hairs and the image 
ha are equally magnified, and distortion or other defect produced 
in the passage of the rays through the eyeiuece affects both to the 
same degree The observer consequently sees the intersection of 
the hairs apparently coinciding with that jioint on the object which 
lies in the line of sight 

The establishment of a telescopic line of sight therefore involves 
two essential conditions 

(а) A real image must be formed in front of the eyepiece. 

(б) The plane of the image must coincide with that of the cross- 
hairs (see Parallax, jiage 25) 

In Galileo’s telescope no real image is produced, and it is therefore 
useless for quantitative observations, (^ross-hairs are sometimes 
provided in such telescopes, but they serve merely to indicate the 
centre of the field. Galileo’s telescope may therefore be regarded 


PCS I — c 
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as a viewing, as distinct from a measuring, instrument. It is 
adapted for field glasses, and is used in sextants to facilitate the 
sighting of distant points 

The Surveying Telescope. — The telescope of a surveying instru- 
ment IS therefore of the Kepler type, and the construction of the 
external-focussing pattern is illustr^ited in Fig 14 The body is 
formed of two tubes, one capable of sliding axially within the other 
by means of a rack gearing with a pinion attached to the milled 
focussing screw It is essential that the movement should be 
strictly axial and free from shake 

The objective, the focal length of which serves to designate the 
size of the telescope, is invariably a compound lens, of which 
the outer component is a double convex lens of crown glass and 



2 Diaphragm 7 Stops 

3 Diaphragm Adju*iting Screws 8 Object Glass 

4 focussinq Rack 9 Ray Shade 

5 faLU<ii>iiiq Pinion JO Shutter 

Fio 14 — External Focusstno Teufsc'oi’e 

the inner is of flint glass and convexo-concave In the example 
illustrated, the objective cell is screwed to the inner tube, so that the 
focussing movement, required for placing the real image in the plane 
of the cross-hairs, is effected by movement of the objective relatively 
to the outer fixed tube carrying the cross-hairs and eyepiece , but 
in cases where the objective is mounted on the outer tube the eye 
end moves in focussing 

In the majority of modern surveying telescopes focussing is 
effected without movement of either the objective or eyepiece by 
the introduction between them of a concave lens 77 (Fig 15) which 



Fig 15 — Interna i. Focttssinu TKi^KseoPK 


is moved by the focussing screw to bring the image into the plane of 
the cross-hairs. 

To examine the effect of the introduction of the internal focussing 
lens, let 0 and I (Fig. 16) be the optical centres of the object glass 
and internal lens, and let / and f' be their respective focal lengths. 
The distance x between the lens centres is variable, and for any 
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observation the internal lens must be adjusted into such a position 
that the image of the distant object is formed m the plane of the 
cross-hairs at which is at a constant distance I from O. 

Considering the formation of the image of an object P distant 
from the object glass, the latter would itself form an image at P', the 
position of which is obtained from the equation for conjugate focal 
distances, 

i + 1 .. i. 

/i A / 


The rays after refraction by the object glass are, however, inter- 
cepted by the concave lens as they arc converging towards P', and 



P' IS the position of a virtual object, the image of which is formed by 
the internal lens at P^ The distances IP' and IPj are therefore 
conjugate, so that ^ ^ ^ 

(fi-x) "* (i-x) ]' 

(/g— a;) and /' being negative, according to the sign convention of 
page II 

These two conjugate focal equations show the required distance 
S’ between the lenses, if I, /, and/' are fixed. It the object is infin- 
itely distant, /a equals/, and x has its minimum value. The amount 
of movement of the internal lens towards the eyepiece required to 
focus a near object is greater for a low power focussing lens than for 
one of high power The focussing lens may be a simple one, as 
shown, or it may consist of an achromatic combination 

A telescope with internal focussing is more likely to be proof 
against the entrance of water and dust than one with a draw tube 
The chief merit of the system, however, lies in the avoidance of 
errors caused by change of position of the line of sight in focussing 
with an objective or eyepiece slide which has developed looseness 
through wear If the movement of an internal focussing slide 
becomes non-axial, the resulting error in sighting is very much less. 
The disadvantage of internal focussing is the reduction in brilliancy 
of the image caused by the passage of the rays through the additional 
lens. 

With the object of improving the distinctness of the image in both 
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types of telescope, the interior of the body is painted dull black, to 
prevent reflection from the internal surfaces, and annular stops 
may be fitted to intercept rays not required in the formation of the 
image In inferior instruments the front stop may be found placed 
near the objective for the purpose of diminishing spherical aberra- 
tion, but the reduction of aperture thereby occasioned is a serious 
defect To shield the objective from the rays of the sun, there is 
fitted a sun cap or shade capable of being extended when required. 
The shade is closed by a hinged shutter, which serves to protect 
the lens against rain and dust 

The end of the body remote from the objective is threaded to 
receive the tube in which the eyepiece is fitted to move axially 
for the purpose of focussing the cross-hairs (page 23). A cap to 
protect the eyepiece is useful, but is commonly omitted For making 
solar observations, a sun glass is required this consists of a piece 
of very dark glass mounted in a run which can be fitted on the outside 
of the eyepiece In front of the eyepiece is mounted the diaphragm, 
across which are stretched the cross-thieads The diaphragm and 
eyepiece call for further remark 




FlO ] 7 l^TACHRAGM 


The Diaphragm and Reticule. — The diaphragm carrying the 
reticule, or graticule, of cross-lines is formed of a flanged brass ring 

held in place in the telescope tube 
by four capstan -headed screws, as 
shown in Fig 17 These are screwed 
into the flange, but pass through 
slots in the telescope tube, so that, 
when slackened, they permit move- 
ment of the diaphragm horizontally 
and vertically as well as a small 
rotation about the axis of the 
telescope The heads of the screws, 
instead of being exposed, may be protected by a cover to prevent 
their being turned accidentally 

In the interchangeable pattern of diaphragm, which is now 
generally fitted, the cross-hairs, instead of being mounted on the 
diaphragm ring itself, are carried by a cylindrical cell which fits 
into the ring (Fig 19) The object of the design is to facilitate the 
rapid replacement of a defective reticule by the withdrawal of the 
cell and the insertion of a spare one in the manner described on 
page 23 

The cross-hairs, being viewed through the eyepiece, appear 
magnified, and it is therefore essential that they should be very fine. 
They should show as clean lines without fringes, and should be 
opaque Various means are employed for providing suitable lines, 
and each has its merits and deficiencies 

Spider Webs . — These are most commonly used, and furnish a 
very fine, clean, and sufficiently opaque line. The most suitable 
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webs are the darkest coloured ones of which the garden spider 
makes its nest Although in moderate climates such webs should 
last for several years, excessive damp may cause them to develop 
slackness and sag, particularly if they have not been properly 
stretched when being mounted on the diaphragm As most webs 
tend to lose their elasticity with age, extreme dryness may cause 
them to break by tension Owing to their delicacy, spider webs 
must never be exposed outdoors by removal of the eyepiece for 
any purpose 

Silk Webs —Single filaments of silk furnish somewhat similar, 
but coarser, lines They are, however, sufficiently fine for use with 
low powers, and are rather less troublesome to insert than spider 
webs 

Lines on Glass — Lines ruled upon a thin glass plate afford the 
least fragile reticule, and have the advantage that the relative 
position of the lines is permanent The ruling can be performed 
so that the lines appear little thicker than webs The ])late, however, 
absorbs a small amount of light, and is subject to troublesome 
dewing with a falling ti^mperature 

Points — The desirability of eliminating fragility without the 
necessity of inserting a glass diaphragm has led to the use of small 
pointers of platinum-iridium alloy, the fine ends of which fulfil 
the office of a hair They are very durable, and are not liable to 
be damaged, but, if they happen to meet with injury, they cannot 
be repaired in the field Points arc quite convenient for ordinary 
theodolite work, but are useless for astronomical observations In 
staff reading they involve a considerable waste of time owing to 
the necessity of bringing the extreme end of the horizontal point 
exactly to the edge of the graduations of the staff, an operation 
which demands the provision of a clamp and tangent screw on the 
instrument 

A few typical arrangements of lines and points are illustrated 
inEig 18 



ABODE 


Fig 18 

A shows a common system for levels The horizontal hair defines 
the reading, and the vertical hairs enable the observer to detect 
lateral deviation of the staff from its required verticality 

B is used in theodolites The two inclined hairs are usually pre- 
ferred to a single vertical hair for ease in bisecting the signal. In a 
variation of this pattern the diagonal hairs intersect a little above 
or below the horizontal hair, so that their intersection may be seen 
more distinctly. 
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C is the same with the addition of stadia hairs for tacheometry 

D is used both in levels and theodolites The stadia lines do 
not extend right across the diaphragm, indicating that the lines 
are ruled on glass Two closely spaced vertical lines or hairs are 
better than a single vertical line if the telescope is to be used for 
sighting plumb lines, since accurate pointings can be obtained by 
making the image of the plumb line bisect the narrow space between 
the lines 

E shows the usual arrangement of points for levels and theodolites, 
stadia points being fitted The end of the horizontal point defines 
the line of sight, and is in line with the vertical points 

Replacing Cross-Hairs. — To replace broken hairs, first remove the 
diaphragm by loosening the capstan screws, and place it on a flat 
surface with that side uppermost which is provided with scratches 
for receiving the hairs Clean off old cementing material adhering 
to these notches Suitable webs should be selected from a spider’s 
cocoon, failing which, if a spider can be found, procure a V-shaped 
piece of wire or stick, and get the spider on the end of one of the 
prongs On shaking him off, he will spin a web, which is to be wound 
on the fork so that the separate strands are not too close Immerse 
each web to be mounted for a few minutes in warm water, and 
then gently remove the superfluous moisture with a colour brush 
Stretch the web across the ring, using small weights to ensure 
tightness, and by means of a pin adjust it to he exactly in the 
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notches. Fix it by letting a drop of shellac fall on one end, and, 
when this has hardened, see that the web remains taut before 
similarly fixing the other end. If spider webs cannot be procured, 
floss silk forms a convenient substitute, as it is readily obtainable in 




INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 23 

reels The operation of mounting is the same, except that the silk 
need not be moistened. 

When the diaphragm is replaced in the telescope tube and 
screwed up, it is most unlikely that the intersection of the hairs 
will occupy the same position relatively to the optical axis as it did 
before The position of the intt^rsection of the hairs controls the 
position of the line of sight in the telescope, and it is therefore 
essential to adjust the line of sight by the methods to be described 
in connection with the adjustment of instruments 

The delay occasioned by the breakage of webs in the field becomes 
quite insignificant if the instrument is provided with an interchange- 
able diaphragm, a spare cell, fitted cither with webs or a ruled glass 
plate, being carried Jn order to extract a cell, the eyepiece is re- 
moved, and an extracting tool is screwed on to the projecting thread 
of the cell, which can then be withdrawn from the diaphragm 
carrk'd by the capstan -headed screws Fig 19 shows the extracting 
tool in position The spare cell to be inserted is ^crewed to the 
extractor, by which it is pushed into position It is prevented by a 
pm from turning in the diaphragm ring while the tool is being 
unscrewed 

Interchangeable cells, as they leave the maker, are designed to 
have the intersection of the cross lines correctly centered, so that the 
position of the line of sight will be unaltered by the substitution of 
one cell for another It is, however, wise to test the telescope after 
the operation, and it becomes absolutely necessary to do so if the 
spare cell has been re-webbed by the surveyor himself 

The Bamsden Eyepiece. — The type of eytqfiece almost exclusively 
adopted in this country for surveying telescopes is the Ramsden 
or positive eyejnece (Fig 20). ft con- 
sists of two equal plano-convex lenses, 
called the field lens and eye lens respec- 
tively, placed with their curved surfaces 
facing each other at a distance botwc'en 
optical centres of two-thirds the focal 

length of either The eyepiece d^s not y. kamsdbn EyKPiEOK. 
invert, so that, on observing the real 

inverted image formed in the plane of the cross-hairs, the virtual 
image of the object sighted is also inverted. The Ramsden eye- 
piece, while not strictly achromatic, is very 
free from spherical aberration and curvature 
of field. 

The eyepiece of Fig 20 is held by friction 
in a tube projecting from the end of the 
telescope, and the movement required for 
Yiq 21 focussing the cross-hairs is effected by slid- 

ScREw Focussing eyepiece out or in with a turning 

Ramsden Eyepiece, motion. Screw focussing eyepieces (Fig 2 1 ) are 
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regularly fitted in modern instruments, and givt‘ a much smoother 
movement In this case, tocussing is performed by turning the 
milled ring encircling the ey ('piece The ring carries a scale, which 
is read against a fixed index, so that the observer, having once 
ascertained the focus which suits his (eyesight, can readily set the 
eyepiece for distinct vision of the hairs 

With the object of reducing chromatic abc'rration, modifications 
of the Ramsden eyepiece ar(‘ sometimes employed. In the Kellner 
eyepiece the eye lens is a compound lens of crown and flint glass 
similar to the objective, and the field lens is a simple double convex 
glass In the Steinheil eyejnece both lenses are compound 

The Erecting Eyepiece. — An en'ct image may be obtained by 
means of an eyepiece consisting of four lenses, which are arranged 
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as in Fig 22 Objections to the erecting (\ycpic(;e are the loss of 
light occasioned by the passage of the rays through the two addi- 
tional lenses, and that for a given overall length of telescope the 
focal length of the objective must be smaller with an erecting than 
with a Ramsden eyejnece Particularly on account of its better 
illumination, the Ramsden eyepiece is to be jiref erred, any incon- 
venience arising from the inversion of the image being negligible. 

The Huygens Eyepiece. — This eyi'piece is used only m the (xalilean 
telescope in place of the concave eye lens shown in Fig 13 It 
consists of two jilano-convex lenses with their convex faces towards 
the objective The focal length of the field lens is three times that 
of the eye lens, and the distance between them is the difference of 

their focal lengths The (eyepiece must 
be placed to receive the rays from the 
objective before a real image is formed, 
and the virtual image presented to the 
eye is erect 

The Diagonal Eyepiece. — When the in- 
clination of the telescope to the horizontal 
IS great, it becomes inconvenient to bring 
the eye into position for sighting, and a 
diagonal eyepiece is required. That of 
Fig 23 is of the Ramsden t 3 rpe. Between 
the two lenses there is fitteci a reflecting 
2 Eye Lens. 4 Telescope Body, pj-inm or a glass or metal mirror placed at 

Fio. 23. 45° to the telescope axis. This reflector 

Diaoonai. EYEPiEcjSr turns the line of sight through 90°, so that 



1 Field Lens 3 Reflector 
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the observer is enabled to look into the telescope in a direction 
at right angles to its axis In consequence of the reflection, the 
image is presented right side up, but the right- and left-hand 
sides are still reversed The diagonal eyepiece is a necessity for 
astronomical work, and often xiT’oves useful for terrestrial obser- 
vations in precipitous country and in constructional work 

Parallax. — Parallax is a condition arising when the image formed 
by the objective is not situated in the plane of the cross-hairs It 
is evidenced when movement of the observer’s eye apparently 
produces movement of the image relatively to the hairs, the direc- 
tion of the apparent movement of the image being the same as, or 
opposite to, that of the eye, according as the image is on the side 
of the hairs remote from or next the eye Unless parallax is 
eliminated, accurate sighting is impossible, as the line of sight may 
apparently be made to intersect different points according to the 
position of the eye 

Elimination of Parallax. — The two steps are (1) to focus the eye- 
piece for distinct vision of the cross-hairs , (2) to bring the image 
of the object into their plane 

(1) Turn the focussing screw until no object can be distinguished 
in the field, or point the telescope to the sky Adjust the eyepiece 
until the cross-hairs appear in sharp focus 

(2) Point the telescope towards the object, and, keeping the eye 
on the cross-hairs, turn the focussing screw until the image appears 
in sharp focus The image and hairs should then be in the same 
plane, but the eye should be mov^ed about to test whether any 
relative movement between them can be observed If necessary, 
adjust the focussing screw until the apparent movement is 
eliminated 

Notes — (1) To test tho focussing of tlie oyepieco, turn aside and look at a 
distant point, or close tlio eves foi a moment On again looking into tho eye- 
jnece, the hairs should at once appeal perfectly distinct without the eye havmg 
to accommodate itself 

(2) The position of the eyepiece for distinct vision of the hairs depends 
onlv upon the individual ohservei’s eyesight, and, when once found, should 
be permanently marked 

Qualities of the Telescope. — In addition to its important function 
of providing a definite line of sight, the telescope is required to 
present a distinct view of distant objects, so that the observer may 
be able to direct the line of sight with sufficient accuracy on to a 
distant mark or read its position on a graduated rod . The unassisted 
eye is unable to distinguish clearly between separate marks unless 
the angle subtended between them at the eye is from 1 to 2 minutes 
Such capacity for distinguishing detail, or resolving power, as it is 
called, is quite insufficient for the majority of surveying operations, 
so that a telescope is required to assist vision. 

The resolving power of the eye varies considerably in different 
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individuals , even in the normal eye it is not constant, but depends 
upon the various circumstances of the observation. Taking the case 
of viewing a graduated rod, the normal eye should, under average 
conditions, be able to distinguish clearly marks 0-01 ft apart at a 
distance of 20 ft , the angle subtended at the eye being v.Vott 
radian. Now, if by means of a telescope it is desired to distinguish 
with equal clearness the same marks at a distance of, say, 500 ft , 
the angle subtended at the instrument is reduced to of its former 
value The telescope is required to have a resolving power 25 times 
greater than that of the unassisted normal eye, and this ratio may 
be regarded as the resolving power or resolution of the telescope 

The performance of one surveying telescope may differ from that 
of another in several important respects, due to differences in manu- 
facture and in the proportions between the parts The most 
important qualities arc (1) Definition , (2) Brightness of Image, or 
Illumination , (3) Magnification , (4) Size of Field 

Definition — The quality of definition in a telescope is its capa- 
bility of producing a sharp image It depends upon the extent 
to which spherical, chromatic, and other aberrations have been 
eliminated in the objective and eyepiece, as well as upon the accuracy 
with which all the lenses have been centered on one axis (lood 
definition, particularly in the axial region, is obviously a desirable 
attribute, and the resolving power of the telescope is chiefly 
dependent upon it 

Brightness of Image — The quantity of light available for the 
formation of the image depends upon the amount admitted at the 
objective and upon the loss caused by the passage of the rays 
through the several lenses The first depends upon the area of 
aperture of the objective, and therefore varies as the square of the 
diameter Loss amounting to 15 to 25% of the light falling on the 
objective is occasioned by reflection and diffusion at the surfaces 
of the lenses and by absorption due to imperfect transparency of 
the glass 

In forming the magnified image, the light rays are spread out to 
a degree depending upon the magnification, and the intensity of 
illumination of the image is inversely proportional to the square of 
the linear magnification The brightness of the image as judged 
by the observer is largely dependent upon the diameter of the pupil 
of the eye, and the best results are attained when the diameter of 
the beam emerging from the eyepiece — the exit pupil — is the same 
as that of the pupil of the eye 

Brightness of image is always desirable in the surveying telescope, 
especially for work in a bad light. In general, the brighter the image, 
the greater is the resolution. 

Magnification — Magnification is the ratio between the angle 
subtended at the eye by the virtual image and that subtended 
by the object Varying position of the object causes a slight 
variation in this ratio, and the magnifying power of a telescope 
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is measured as the ratio of the focal length of the objective to 
that of the eyepiece 

Since any focal length of eyepiece can be used in conjunction 
with a given objective, the magnifying power of a telescope can be 
increased indefinitely Resolving power is promoted by increase 
of magnification, but the magnification should not be greater than 
is required to give a resolving power compatible with the sensitive- 
ness of the instrument generally (page 84) The provision of a 
greater power than is strictly necessary is a disadvantage since it 
entails (1) reduction of brilliancy of image , (2) waste of time in 
focussing , (3) reduction of the field of view To obviate the loss of 
brilliancy accompanying large magnification, a larger object glass 
should be used for a high than for a low magnification Although, 
within limits, the same resolving power may be secured by a high 
magnification, producing a dull image, as by a lower magnification 
and a bright image, the latter is usually preferable The magnifying 
power of telescopes on surveying instruments for ordinary work 
varies from 10 to 30, and reaches 80 in precise instruments Some- 
times two eyepieces of different powers are supplied with an instru- 
ment 

Size of Field — By the field of view is meant the whole extent 
visible at one time through the telescope It is measured by angle 
COD ^ AOB (Fig 24), the apical angle formed at the optical centre 
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of the objective by the cone of rays refracted to enter the eye, and 
this angle is evidently that subtended at the optical centre of the 
objective by a diameter of the field lens of the eyepiece Fig 24 
shows that the angle of field (1) increases as the diameter of the 
field lens increases , (2) decreases as the distance between the 

objective and eyepiece increases, so that it is smaller for short sights 
than long ones , (3) is independent of the size of the objective 
The size of field also decreases as the magnification increases, for 
if m = the magnification = 


focal length of objective _ F 
focal length of eyepiece /’ 
CE 


local lengtn oi eyepiece 

CE CE 

angle ol field ^ 2 = 2 tan practically, 

CE CE 

o i. 1 = 2 tan ^ 

= 2 tan ^ /-p \ 




f(m+l) 
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A wide field is desirable on account of the facility with which 
the observer can discover distant objects prior to exact pointing 
of the telescope In instruments having magnifying powers up to 
30 a field of from 1 ° to 2” is suitable 

Testing the Telescope. — ^ Looking to the importance of some of 
the properties of the telescope, it is desirable that the surveyor 
should be able* to ascertain the optical qualities of his instruments 
The tests described below ar(‘ sufficient for this purpose 

Test for Chromatic Aberration. — ^Point the telescope on a brightly 
illuminated disc of white pajier or the edge of a dark object appear- 
ing against the sky The extent to which residual aberration is 
present is evidenced hy th(‘ amount of tinge appearing at the 
edge 

Test for Spherical Aberration. - Pnqiare a disc of black paper the 
size of the aperture of the objective*, and cut out a second disc of 
about half the diameter from its centre, thus forming a disc and a 
ring Cover the margin of the objective with the ring, and focus 
the telescope on a page of print Without altering the focus, sub- 
stitute the disc for the ring, affixing it cimtrally on the objective, 
and note whether tin* image produ(;ed by the rays now passing 
through the margin is as sharp as before If a change of focus is 
required, the distance through viliich the focussing slide must be 
moved is a measure of the defect 

Test for Definition. — Focus on a well-illu ruinated page of print 
placed 30 to 40 ft away It should be possible to obtain a sharp 
image If otherwise, the fault may be due to inaccurate curvature 
or poor finish of the lens(*s or bad centering of the system To test 
for the latter, cut a small disc of while jiaper with a sharp j^nife, 
and place it against a dark surface at the former distance Focus 
sharply, and then, by slightly moving the focussing screw, throw 
the image out of focus The disc will appear to be surrounded by 
a haze, which should have a uniform breadth all round Defective 
centering is indicated if the haze is broader on one side than the 
other. 

Test for Aperture. — To ascertain whether part only of the full 
aperture of the objective is UvSed, prepare a small strip of strong 
paper about inch wide Moisten and affix it radially on the 
objective. On placing the eye a little distance back from the eye- 
piece, the image of the effective aperture is seen as a small bright 
circle, and the image of the strip of paper will be seen on it Draw 
the strip towards the margin of the objective, and when its image 
reaches the circumference of the bright circle fix the strip on the 
lens. The end of the paper marks the edge of the effective aperture, 
the diameter of which can then be obtained. Instead of viewing 
the small image directly, a second eyepiece or magnifying glass 
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may be held against the telescope to receive and magnify the 
image 

Test for lUumination. — The only simple test available is that of 
comparing the telescope being examined with another which is 
regarded as satisfactory in this respect Set the instruments side 
by side, and point each telescope towards some well-defined object. 
Sight through them altc^rnately, and judge the relative brightness 
of the images Preferably malce the comparison towards nightfall, 
and note through which telescope the object remains visible longest 
as the light wanes 

Test for Magnification. — Focus a boldly graduated staff held 
about 100 ft from the instrument Sight the staff through the 
telescope with one eye, and at the same time observe it with the 
other eye unaided by looking along the outside^ of the tube Bring 
the magnified and direct views alongside each other, and count the 
number ot staff divisions as seen directly which appear to occupy 
the same length as one of th(‘ magnified divisions This number 
represents the inaginficjatioii 

Test for Angle of Field. — Focus the tideseope on a levelling staff 
held vertically or horizontally at a distance ot about 250 ft , or 
such smaller distance that neither end of the staff appears in the 
field Note the two extreme readings which can be observed 
The length of staff intercepted within the field of view divided by 
its distance from the instrument is, with sufficient precision, the 
average value of the angle ot field expressed in circular measure 

Test for Distortion. — Bring the image of any straight line towards 
the edge of the field, and observe whether it appears straight or not 
Otherwise, draw a diagram of bold lines forming squares, and pm 
it up at a distance such that on being viewed through the telescope 
it fills the field Focus, and note whether the squares near the 
margin appear free from distortion 

Care of the Telescope. — Dirty lenses, especially those of the eye- 
piece, are a source of impaired brilliancy and definition Dust 
should be removed from the siii faces by means of a small camel- 
hair brush The presence of the finest film of grease is, however, 
more objectionable than dust, and, as this may arise from perspira- 
tion from the hands, care should be exercised to avoid fingering 
lenses Very dirty lenses should be wiped with a piece of clean, 
soft rag or chamois leather moistened with alcohol, using a clean 
part on every portion of the lens to avoid scratching Lenses 
should be rubbed as little as possible, hence the importance of 
protecting them against dirt and moisture (page 124) If the 
objective is unscrewed for the purpose of dusting the inside surface, 
it must be returned exactly to its original position Should a film 
settle between the two component lenses which dotvs not evaporate, 
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it is unwise to separate the lenses, and the delect is best treated 
by the maker Dust which has settled on the cross-hairs may be 
removed by taking out the eyepiece and blowing very gently on 
the webs, but, unless the dust particles are on or near the line of 
sight, they should preferably be allowed to remain 

Both the main focussing and eyepiece slides should work freely, 
but with sufficient friction to stay in place whatever the inclination 
of the telescope A screw is sometimes provided for adjusting the 
friction of the main slide , otherwise, a little tallow smeared on 
the tube will help to make a loose slide stick When it is detected 
that slackness gives rise to collimation error (page 86), the tele- 
scope should be sent to the maker for repair Grit adhering to the 
object glass slide may cause fretting of the brass tube, and, wffien 
this occurs, it must be attended to as soon as possible, as the defect 
rapidly gets worse. The injuied portion should he smoothed off 
with the back of a penknife blade The use of oil on slides is a 
fruitful source of such trouble, and should be avoided 


THE LEVEL TUBE 

Since nearly all field measurements, angular or linear, are made 
in either the horizontal or the vertical plane, it is essential to have 
some ready method of determining the positions of those planes 
through any point, so that particular lines or planes in an instru- 
ment may be made to lie in them The most convenient and 
accurate means available for this jiurpose is the level tube, the 
action of which depends upon the fact that the surface of a still 
liquid, being at every point normal to the direction of gravity, is a 
level surface 

Construction. — The level consists of a glass tube, carefully 
ground so that a longitudinal section of the inside surface is a 
circular arc. The area so ground may be the upper half only or the 
whole of the interior surface In the latter case, the figure is barrel- 
shaped, the cross section being circular throughout. This is the 
better form, since, owing to its symmetry, the level can register 
correctly although it is turned about its longitudinal axis, and it 
must be used in instruments in which the level is required to 
function when turned upside down. 

The tube is nearly filled with a liquid, such as alcohol, chloroform, 
or sulphuric or petroleum ether, the remaining space, forming the 
bubble, being occupied by air and spirit vapour These liquids are 
considerably less viscous than water, ether has the lowest coefficient 
of viscosity, and is the most suitable for sensitive levels All these 
liquids possess the advantage of having a low freezing point, but 
their coefficients of expansion exceed that of water, the length of 
the bubble being considerably reduced in hot weather. For the 
purpose of estimating when the bubble is central, a number of 



INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 31 


equally spaced lines is etched on the tube on either side of the centre 
or sometimes on an attached scale. The length of the divisions is 
usually either 2 mm or ()■! in 

The level is usually mounted in a brass enclosing tube, which is 
connected to some part of the instrument in a manner permitting 
its adjustment relatively to the supporting piece The tube may, 
however, be entirely unattached, in which case the bottom is 
made a plane surface It is employed in this form in conjunction 
with the plane table and in certain artificial horizons 


Principle of the Level Tube. — The axis of a level tube is the trace 
in longitudinal section of the plane tangential to the interior upper 
surface at the mid-point or zero 
of the graduations In section 
(Fig 25) the trace AB of the level 
liquid surface forms a chord of 
the circular arc representing the 
surface of the tube, the curvature 
being exaggerated in the diagram 
A tangent to this arc at a jioint Ftg 25 

midway between the ends of the 

bubble is parallel to the chord, and is therefore a horizontal line 
irrespective of the position of the bubble in the tube If the tube 
IS tilted so that this mid-point is coincident with (^, the centre of 
the graduation, the tangemt at C coincides with the axis of the 
tube, which is now horizontal 



Let the tube be provided with two ligid supports in the same 
vertical plane with its axis, the lengths of which, measured from the 
axis^ are DF and EG, and l(‘t these supports rest without attach- 
ment upon a plane surface FG If it is desired that FG should be 
horizontal when the bubble is central, it is evidently necessary that 
DF = EG In place of attempting to verify the equality of the 
supports by direct measurement, a test by reversal may be made by 
lifting the tube, turning it end for end, and replacing it in the 
reversed position If the bubble preserves the same position as it 
occupied before reversal, line FG is horizontal, and DF ^ EG 

If not, let DF be the shorter, and let e denote the resulting 
angular error of parallelism between DE and FG DE (Fig 26) 



Fig 26. 


being levelled, DEFG represents the conditions 
before reversal, FG making an angle e with 
the horizontal On reversing, the axis has the 
position D'E', and is now inclined at 2e to the 
horizontal. The apparent error is consequently 
twice the actual, and, in adjusting the supports 
to equality, it is therefore necessary to eliminate 


only half the apparent error by manipulating adjusting screws to 
bring the bubble half-way back to the centre. The adjusted tube 


can then be used to examine whether points on which it is supported 
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are at the same level In levelling a plane surface, the test must 
be made for two non-parallel positions of the tube, preferably at 
right angles to each other 

The bubble tube provides means for securing verticality as well 
as horizontality Let the supports of the tube of Fig 25 be now 


¥ 

Before Reversal 

Fig 27 

screwed into the plate FG, which can be rotated about an axis HK, 
not necessarily in the plane of the tube axis Reversal is now 

effected by rotating the plate and 
attaehed tube about KK through ISO"" 
Jf the position of the bubble is un- 
altered by the reversal, HK is truly 
vertical 11 not (Fig 27), by the same 
Before Reversal Aftei Reversal reasoning as before. Only half the 

Fto 28 a^iparent error falls to be eliminated 

by adjusting the lengths of the sup- 
ports The adjustment of HK to verticality is secured when the 
bubble maintains one position during rotation 

It is frequently overlooked that this method of reversal does not 
test the horizontality of the plate FG, since, as in Fig 28, FG may 
not be perpendicular to HK. The horizontality of a plate can be 
ensured only if the bubble is not displaced on removing the tube 
and replacing it end for end in two non-paralhd positions 

Sensitiveness. — By sensitiveness 111 a level tube is meant its 
capability of exhibiting small deviations from the horizontaJ This 
quality depends prnnariJy upon the radius of curvature of the 
internal surface — the larger the radius, the greater the sensitiveness 
Sensitiveness is also promoted by increase in the diameter of the 
tube and in the length of the vapour bubble and by decrease of 
viscosity and surface tension of the liquid A very smooth finish 
to the internal surface of the tube also adds appreciably to its 
sensitiveness. 

Sensitiveness is sometimes designated in terms of the radius of 
curvature of the tube, but the better way is to state the angle 
through which the axis must be tilted to cause the bubble to travel 
a specified distance, usually that between adjacent graduations of 
the engraved scale. 

The sensitiveness of a tube should accord with that of the instru- 
ment mounting it. If the sensitiveness is greater than is really 




After Reversal After Adjustmehi 



INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 33 


necessary, time is wasted in levelling the instrument, and the 
accuracy of the observations is in no way increased 

Measurement of Sensitiveness. — Laboratory Method . — The appar- 
atus, called a level trier, consists of a beam, 18 to 21 in long, sup- 
ported on two points at one end and by a micrometer screw at the 
oth(‘r Rotation of this screw tilts the beam, the inclination being 
recorded by the micrometer, which reads to one or two seconds. 
Having placed the instrument on which the bubble is mounted, or 
the tube alone, on the beam, the movement of the bubble corre- 
sponding to an observed change of inclination is quickly determined 
Field Method — If the tube is attached either directly or in- 
directly to the telescope of an instrument, the tilt corresponding 
to an observ(‘d movement of the bubble may be measured by the 
resulting motion of the line of sight on a levelling staff held at a 
known distance from the instrument A base of about 300 ft is 
measured on level ground by steel tape With the instrument at 
one end of the base, and the staff held at the other, staff readings 
are observed («) with the bubble near one end of its run, {b) with 
the bubble moved towards the other end by means of the levelling 
screws In ('ach ease the position of both ends of the bubble is 
reeord(‘d, and that of its centre is deduced in terms of the tube 
graduations, it being insufficient to 
observe one end only owing to 
possible change* in length with vary- 
ing temperature The observations ^ 
should be repeated several times for 
different positions of the bubble, and 
the results are averaged 

Expressions for the radius of 
curvature and tin* angular value of 
one divisicm of the tube may be 
obtained from a consideration of 
Fig 29, m which the line of sight 29. 

IS made coincident with the tube 

axis, and O, the centre of curvature of the tube, is shown 
stationary AB represents the staff, and EF the average run of 
the centre of the bubble 

Let D= the horizontal distance between the instrument and the 
staff, 

s =the average length of staff intercepted between the upper 
and lower lines of sight, 

71 = the average number of divisions through which the centre 
of the bubble is moved, 

R =the radius of curvature of the tube, 
d=the length of one division on the tube, expressed in the 
same unit as 1) and s. 
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The angle between the lines of sight is practically — radians, since 

s 

its value is small, and this angle equals the tilt of the tube, or 

8 EP nd 
T)^ ~R^ r 

Dnd 


s d 

The angular value of one division, expressed in radians, = — — , or — , 

Un K 


and, expressed in seconds, = 


8 


Dn sin 1" 


206,265 8 
Dn 


The Chambered Level Tube. — Since increase of temperature 
shortens the bubble, and therefore reduces its sensitiveness, tubes 
used in precise instruments are commonly provided with means for 
regulating the length of the bubble An air chamber is fitted at 
one end, so that, by tilting the tube, the required quantity of air 
may be added to or taken from the bubble 

The “ Constant ” Level Tube. — ^With a view to eliminating the 
loss of sensitiveness caused by shortening of the bubble at high 
temperatures, Messrs E Jl Watts & Son, of London, have developed 
an interesting design of level tube, in which the bubble remains ot 
constant length throughout a range of 130° F or more. 

Rise of temperature causes not only expansion of the liquid in a 
level tube but also decrease of its surface tension The effect of the 
former is to decrease the length of the bubble , that of the latter 
is to increase the length owing to the cylindrical form ot the upper 
surface of the tube By suitably proportioning the volumes of the 
liquid and of the air bubble, it is possible to balance the two effects 
and secure a constant length of bubble Messrs Watts found that 
accurate results were attained with about 71% of spirit, such as 
petroleum ether, and 29% of air, but that, to obtain constancy of 
bubble length with a tube of circular cross section, it was necessary 
to use a longer tube than would be suitable for attachment to a 
surveying instrument. This difficulty is overcome by departing from 
the circular form, cither by placing within a level tube of circular 
section a glass rod or sealed glass tube of smaller circular section, 
or, more neatly, by using a level tube of non-circular section In 
the “ Constant bubble tube (Fig. 94) the upper wall is of relatively 
large radius, the side walls are sharply curved, and the bottom is 
flat, but may be curved like the top to form an oval section, or it 
may be convex upwards, so long as the required proportion between 
the volumes of liquid and air is obtained. 

The Circular Level. — This level. Figs. 89 and 100, consists of a 
circular box, the upper glass surface of which is a portion of a sphere. 
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concave on the lower side The bubble is circular, and, when central, 
shows that the axial 'flane is horizontal Although it is usually of 
low sensitiveness, the circular level forms a convenient adjunct to 
various instruments, as it is equivalent to two tubes at right angles. 

THE VERNIER 

The vernier is a device for measuring fractional parts of the 
divisions of a graduated scale Although invented by Vernier as 
early as 1631, it still remains the most commonly used means for 
this purpose 

In reading the position of an index relative to the divisions of a 
straight or ciicular scale, it may for certain purposes be sufficient 
to estimate by eye the amount by which it is past a graduation of 
the scale The probable erior made in the estimation of the frac- 
tional part of a division will depend pnmaiily upon the observer, 
but also upon the circumstances of the observation for any 
particular set of conditions it may bt' express(‘d as a constant 
fraction of a scale division If, therefore, the scale divisions are 
comparatively large, the absolute probable error of a measurement 
made in this way may become serious, and if a high degree of 
precision were required, very close division of the scale would 
apparently be necessitated (^lose graduation has, however, serious 
disadvantages The division and engraving present mechanical 
difficulties Further, the eye is confused by close spacing, and 
is unable to distinguish clearly one space from another The 
use of a sufficiently powerful magnifier involves waste of time, 
and does not altogether eliminate the confusion 

These defects are overcome by the use of the vernier, the principle 
of which IS based on the circumstance that the eye can perceive 
without strain and with considerable precision when two gradua- 
tions coincide to form one continuous straight line It consists of a 
small scale arranged to slide in contact with the fixed scale, which 
latter may be distinguished as the main or primary scale The 
vernier carries the index point, the position of which is to be re- 
corded, and which forms the zero of the vernier divisions If the 
graduations of the main scale are numbered in one direction only, 
the vernier used is of the single vernier type If the graduations 
are figured in both directions, a double vernier, consisting of two 
single verniers, is preferable, one being read when the scale is used 
from left to right, and the other for the reverse direction. 

Whether single or double, verniers may also be classed as direct 
and retrograde. 

Direct Vernier. — Let d ~ the value, linear or angular, of the 
smallest spaces into which the main scale is divided, 

V = the value of the smallest spaces on the vernier scale, 
n — the number of spaces on the vernier. 
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In the direct vernier, v is such that the n vernier spaces occupy 
a length equal to that of (w—l) main scale spaces, 

le nv = {n—\) d. 



and the difference between the value of a main scale division and 
that of a vernier division 

\ n ) n 

This quantity is termed the least count of the vernier The position 
of the index can be read by means of this vernier to I jn of a, mam 
scale division 

The method of using the vernier can be followed most easily 
from a simple example In Eig 30, S is the mam scale, and V is 
a single vernier provided with 10 spaces of such size that they 
altogether occupy the same length as 9 mam scale divisions The 
vernier is therefore a direct one with a least count of of a mam 
scale division In Fig 30 the reading is exactly 11, and, since 

the vernier spaces are ,‘jths the 
length of the mam scale spaces, 
graduation 1 of the vernier falls 
short of a scale graduation by 
,\-jth of ^/, graduation 2 is ^-gths 
of d short of anoth(‘r, and so on 
If, therefore, the vernier is moved 
forw'ard a distance ecpial to ^^jth 
of d, graduation 1 of the vernier 
falls into coincidence with a 
mam scale mark, and, in general, 
if th(" 2 ^th graduation on the 
vernier is m the same straight 
line as one of the mam scale marks, the index has passed a mam 
scale graduation by p/lOths of d In taking a reading, therefore, 
when the index does not happen to record an exact number of 
scale units, first note the mam scale graduation beyond which the 
index lies, in the direction of increase of the numbers on the scale 
(the approximate reading), and then observe where the coincidence 
of a vernier mark with a scale mark takes place The number of 
the coinciding graduation on the vernier scale multiplied by the least 
count is the fractional part to be added to the approximate reading 
Thus, m Fig 31 the reading is 11-6 No account is taken of the 
main scale graduation m coincidence with that of the vernier 
The converse of reading a vernier is setting it to a given reading. 
Having set the index approximately m place, a small adjustment 
is made by means of the screw provided for the purpose until the 
desired coincidence of the vernier graduation representing the given 
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fractional part is obtained It is well to check the approximate 
reading after the fractional part has been set 

Fig 32 shows a double vernier, the single verniers composing 
it being similar to that just described The part in advance of the 
index in the direction of measurement is that to be used The 
readings illustrated are 15 G, from left to right, and 84-4, from right 
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Fig 32 — I)oittit.e Vernier 


to left Th(^ adoption of two different characters of figures on the 
scales tends to obviate confusion in the diagram the main scale 
numerals slope the same way as those on the half of the vernier to 
be used 


Retrograde Vernier. — In this type the ?l vernier divisions occupy 
a length equal to that of (n-fl) main scale divisions, so that, with 
the previous notation, 


?ir ^ (/i -[ 1 ) c/. 



and, as b(‘for(\ the diffc'renee betw'(‘(m the value of a main scale 
division and that of a vernier division 

=-(r (I — I ] - - _ the least count 
V ^ )l 


In this vernier tlie numbering of the vernier divisions increases 
in the op])osit(' dire(;tion from tliat of the mam scale Fig 33 


illustrates a ndrogradi* vernier 
reading to tenths, the reading 
shown being 20 7 Tins type of 
vernier may also be doubled for 
use with scales figured in both 
directions 
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Fig 33 — -Retrograde Vernier 


Examples of Verniers in Surveying Instruments. — Before using a 
particular vernier for the first time, it must be examined to ascertain 

(1 ) Whether it is direct or retrograde 

This IS at once determined by observing whether the number of 
main scale spaces subtended by the vernier is one less or one more 
than the number of vernier spaces The great majority of verniers 
used in surveying instruments are direct 

(2) Its least count 

The value of the smallest division on the mam scale and the 
number of spaces on the vernier scale must be noted. By the 
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latter is meant the number intercepted between the zero and the 
last numbered mark, as sometimes one or two divisions are engraved 
beyond the end of the scale proper. The last numeral may not 
indicate the number of spaces, as it does in Fig. 34. 



In Fig 34 a theodolite circle is shown divided to half degrees. 
The vernier contains 30 spaces, and these occupy a length of 29 
circle divisions, or 14° 30'. The vernier is therefore direct, and 
reads to g^^th of hall a degree, i.e. to one minute The index is 



situated between 172° 30' and 173°, so that the approximate 
reading is 172° 30', and, since the 14th graduation of the vernier is 
that in coincidence, the complete reading is 172° 44'. 

The circle of Fig 35 is similarly divided, but in this case there are 
60 vernier spaces with a total length of 59 circle divisions. The 



Fig. 36. — Double Vebnier Reading to 20 Seconds. 


vernier is therefore direct, and reads to ^ degree, or 

30". The approximate reading is 345°, and the vernier reading 
14' 30", giving a total of 345° 14' 30". It will be observed that 
the longer graduations and the figures on the vernier scale represent 
whole minutes, 
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In Fig 36, the circle is figured in both directions, and the accom- 
panying vernier is of the double type. The 60 spaces on either 
half of the vernier are equivalent to 59 circle divisions, so that the 
vernier is direct, and consequently that half of it in advance of the 
index, in the direction of increase of the set of circle figures being 
used, falls to be read. The least count is 20". If the measure- 
ment is being made clockwise, the figures which slope to the left are 
read, and the approximate reading is 179° 40', which with the 
vernier reading of 11' 20" gives a total of 179° 51' 20". In the 
counter-clockwise direction, the reading is 180° 8' 40". 

Special Forms of Vernier.— An extended vernier is one in which 
n vernier spaces occupy the same length as {2n—\) main scale 
spaces. With the previous notation (page 35), 

nv = (2n— \ )d, 

V = (2 — 

\ nf 

and in this case the difference between two main scale spaces and one 
vernier space ^ 

= {2d—v) = - = the least count. 
n 

The extended vernier is therefore equivalent to a simple direct 
vernier of which only every second graduation is engraved, the 
object being to afford a small least count without having the vernier 
graduations too close together for convenience in reading The 



Fig 37 — Extended Vernier 


extended vernier is regularly employed in the astronomical sextant. 
In the commonest form the vernier has 60 spaces equivalent to 119 
arc spaces, each of 10', and the least count is 10". This pattern is 
illustrated in Fig. 37, in which the approximate reading is 29° 50', 
and the vernier reading 4' 10", giving a total of 29° 54' 10". 

A form of vernier some- 
times used in compasses has 
the zero in the middle of 
the length. It is known as 
a folded vernier, and may be 
either direct or retrograde. 

In the case of a direct folded 
vernier dividing halt degrees Fig. 38 —Double Folded Vernier. 
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to minutes and reading from left to right, the values of the fifth 
divisions are marked 15, 20, 25, 0, 5, 10, and 15 minutes. When 
the main scale reads both ways a double folded vernier has the 
advantage over an ordinary double vernier in occupying less room 
Fig 38 shows such a vernier, the readings being 42° 7' clockwise 
and 317° 53' anti -clockwise 

Reading the Vernier. — In obtaining the vernier reading to apply 
to the approximate reading, there may be a little difficulty in 
judging where the coincidence takes place It will be found that 
the time spent in searching for the coincidence may be reduced by 
making a rough estimate, from the position of the index, of the 
vernier reading to be expected If the graduation is somewhat 
open, none of the vernier marks may appear to coincide with a 
scale graduation, but two successive marks may seem to be about 
equally off exact coincidence The mean value of those two vernier 
graduations will be more nearly correct than either On the other 
hand, with close graduation, there may appear to be more than 
one coincidence If two or more vernier marks are seemingly 
coincident with scale marks, their mean is to be taken In any 
case it is always advisable, before deciding upon the reading, to 
examine a few marks on either side of that which at the first glance 
is thought to be in coincidence. 

A reading glass is a necessity except when the graduation is open 
and the lines are bold The accuracy and ease of reading are 
increased if the silvered surfaces upon which the scales are cut are 
shaded from brilliant side illumination, which, since it is reflected 
brightly from one side of the engraved marks, makes accurate 
reading somewhat troublesome Reflectors of white celluloid or 
opal glass provide a soft and satisfactory illumination 

Mistakes in Reading Verniers. — Of the various mistakes made by 
beginners in using a vernier, two are much more common than 
others, and, since they refer to the reading of the mam scale itself, 
lead to serious error 

(1) Assuming a wrong value for the approximate reading, 
particularly by the omission to record one or more subsidiary scale 
divisions 

Thus, in the case already cited of a circle divided to third parts 
of a degree, when the index lies between a 20' and a 40' mark, the 
approximate reading is (7i°+20'), and if it lies beyond the 40' mark, 
the reading is ( 71 ° +40'), because the vernier subdivides the smallest 
main scale divisions only. 

(2) Reading the main scale in the wrong direction 

If the main scale is graduated in one direction only, the reading 
must be made in that direction irrespective of that in which the 
vernier has been moved. If the direction of motion of the vernier 
is opposite to that of the scale graduation, the difference of the 
readings before and after movenient represents the required 
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measurement Thus, if the vernier of Fig. 34 has been brought to 
the position illustrated by a counter-clockwise rotation, say, from 
the 180° graduation, the mistake might be made of recording the 
angle as 7° 14', instead of (180°— 172° 44') Special care must be 
exercised in reading double verniers 

THE MAGNETIC NEEDLE 

The magnetic needle is an essential feature of the various forms 
of compass used by the surveyor, and is a convenient adjunct of 
several instruments, notably the theodolite and the plane table 
It consists of a piece of magnetised cast steel supported at its centre 
on a sharp, hard steel pivot In obedience to the directive influence 
of the earth’s magnetism, such a magnet floats in a definite position, 
its longitudinal axis lying in the plane of the magnetic meridian 
and exhibiting the direction of magnetic north and south This 
direction is not usually coincident with that of the true or geo- 
graphical meridian, or true north and south, the difference being 
explained on page 159. 

A second effect of the earth’s magnetism is that a symmetrical 
floating magnet will not usually rest in a horizontal position, but 
will be inclined towards the nearer of the earth’s magnetic poles 
This deviation from the horizontal is termed the dip of the needle 
Its amount vanes from 0° at the magnetic equator to 90° at the 
magnetic poles, but does not remain constant at any place At 
present, 1931, at Greenwich, the north end of the needle dips 
downwards at 66° 55' to the horizontal. To balance the needle, it is 
weighted on one side by the maker This is best done by means 
of a sliding weight, or rider, which, for use in different parts of the 
world, can be adjusted to counteract the dip obtaining in the 
locality 

Construction. — The commonest types are (a) the broad needle 
(Fig 87), (h) the edge-bar needle (Fig 83) ; but tubular forms are 
also used In each case the centre is fitted with an aluminium cell 
containing a hollow conical bearing of agate or other hard mineral 
to receive the fine point of the support pivot, which should be in 
the same horizontal plane as the ends of the needle Extreme 
fineness of the supporting point is necessary to prevent the possi- 
bility of the needle coming to rest other than in the magnetic 
meridian, and hardness of both bearing surfaces is therefore essential 
to minimise wear with consequent friction and sluggishness of the 
needle. To prevent unnecessary wear, the needle should never be 
allowed to bear on the pivot except when in use Needles of sur- 
veying instruments are always provided with means for lifting 
them from the pivot ; the device may take the form of a lever or 
a cam 

To observe directions with reference to magnetic meridian, the 
needle is either read against the graduations of a compass box or 
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it may itself cany a graduated card or ring to be read against an 
index. The former arrangement is applied in the surveying com- 
pass and the theodolite, an edge-bar needle being used. The box 
may be circular with a completely graduated circle, so arranged 
that by reading the position of the north end of the needle, the 
magnetic direction of any line can be obtained. In the trough 
compass the needle is mounted in a narrow prismatic box (Fig 59) 
or is enclosed in a tube The trough compass is a very useful form 
for the establishment of magnetic meridian, directions with refer- 
ence to magnetic meridian being measured by the instrument to 
which the compass is attached The broad needle, usually of uni- 
form breadth, is employed when a graduated card or ring has to be 
carried, as in the prismatic compass (Fig 87) and the mariner's 
compass Aluminium or cardboard is used to minimise the weight 
on the pivot 

Requirements of the Magnetic Needle.— The principal require- 
ments of the needle are : 

1. It should be sensitive. 

2. The magnetic axis should coincide with the geometrical axis 

3 The ends should lie in the same horizontal and vertical planes 

with the pivot point (page 98). 

4. The centre of gravity should for stability be as far below the 
pivot point as possible. 

5. The compass box should be entirely non-magnetic. 

Sensitiveness. — If a needle, on being lowered on its pivot, comes 
to rest quickly, the sluggishness may arise from (a) loss of polarity, 
(b) wear of pivot The latter is the more common defect. 

To re-magnetise a needle, it is best to place it in the magnetic 
field of a dynamo, taking care not to reverse the poles. If this 
method is impracticable, procure a bar magnet, and draw the 
N. end of the magnet several times from the centre of the needle 
towards its S end, using an axial stroke Repeat with the S end 
of the magnet on the N. side of the needle 

To sharpen the pivot, use a piece of very fine oil-stone, and rub 
the point all round until it will adhere to the finger nail at the 
slightest touch This test for sharpness should be frequently 
repeated during grinding, as over-grinding reduces the height of 
the pivot appreciably, and lowers the needle relatively to the gradua- 
tions of the compass bok 

Magnetic Axis. — ^The axis of magnetism may not coincide with 
the geometrical axis of the needle, and, as it is the former which 
lies in the magnetic meridian, a needle defective in this respect will 
not record magnetic bearings correctly. The error, however, is of 
constant amount, and therefore does not influence the values of 
the included angles of a compass survey. 



INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 43 


Non-magnetism of Compass Box. — Cases are not infrequent of 
the faulty performance of a compass being due to the presence of 
iron in the alloys used in the manufacture of the instrument. The 
defect may be tested for in instruments having a horizontal circle 
and vernier by setting off successive angles of, say, 5° right round 
the circle and reading the position of the needle on the compass 
circle each time. Irregularity of the intervals between the needle 
readings indicates that a source of attraction is present. 

THE TRIPOD STAND 

The most important requirement of a tripod is rigidity or steadi- 
ness, but lightness and portability are also to be desired. Although 
varying in detail, tripods may be classed as solid leg or split leg. 
The former is the more convenient to carry, as the legs, when brought 
together, form a cylinder, and mainly for this reason it is the more 
common type, particularly for small instruments The split leg or 
framed tripod possesses the advantages of superior rigidity and 
lightness, and is to be preferred for precise work. 

The wood of which the legs are made is commonly mahogany, 
but ash, yellow pine, and cedar are also utilised. The lower ends 
of the legs are fitted with pointed steel shoes so that they may be 
thrust into the ground Some makers provide projections near the 
bottom by which the user can press down the legs with his foot. 
At the top the legs are screwed to a casting which forms the immedi- 
ate support for the instrument. The connection of the legs to this 
piece IS the weak point in many tripods, the rapid development of 
looseness in the screws necessitating their frequent tightening If 
the line of sight of the telescope is directed towards a fixed mark, 
the quality of the tripod as regards rigidity may be tested by grasp- 
ing one of the legs and giving it a twist The intersection of the cross- 
hairs will appear to leave the mark, but, on removal of the twist, 
should return to the point if the tripod is stable Accurate work is 
impossible with a tripod which has developed shakmess at the head 
or in the shoes. 

CHAIN SURVEYING INSTRUMENTS 

Chain. — The chain (Fig. 39) is formed of 100 pieces of straight 
wire, the ends of which are bent to connect to each other through 
small oval rings, which for flexibility should number three at each 
joint. The wire is of iron or steel of from 8 to 12 gauge (-16 to 
•10 in ), the use of steel enabling weight to be reduced without 
sacrificing strength. The ends of the chain consist of brass handles, 
each with a swivel joint to eliminate twist. 

Chains used in English-speaking countries are of two lengths, 
the 100-ft. chain divided into feet, and the 66-lt. or Gunter’s chain, 
which measures one chain and is divided into 100 links, Tho 
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length of a chain is the total length from outside to outside of the 
handles. At every tenth foot or link is attached a distinctive tag 
or tally of brass of the patterns shown in Fig 39 As each tag 
represents its distance from both ends of the chain, either handle 
can be regarded as the zero, so that a little eare is necessary to avoid 
misreading. In taking readings between tags, one must count the 
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number of feet or links from the previous tag, estimating fractions 
of a unit if necessary Time is saved if the intermediate fifth 
divisions are distinguished by a small oval or circular tally, as 
inserted by some makers 

In countries in which the metre is the standard unit of length, 
chains of 20 and 25 metres are employed, the former being the more 
generally used It is divided into 100 parts of 2 decimetres with a 
tally at every two metres 

Steel Band. — The steel band or band chain consists of a ribbon of 
steel with brass handles attached by swivel joints to the ends (Fig 
40) It is obtainable in lengths of from 50 to 1000 ft , with widths 



P^JG 40 — Stp]ki, Band 


ranging from in to £ in , and thicknesses from -01 to -03 in The 
effective length may include the handles, but greater accuracy is 
possible if the ends are marked on the tape itself The steel band 
IS wound either upon an open cruciform frame or on a reel in a 
case as shown. 

The marking of the graduations is performed in various ways — 
by etching with acid to leave marks and figures in relief, by brass 
rivets, by brass sleeves soldered on, or by stamping attached 
pieces of solder Etching and riveting have a weakening effect, 
but the former is necessary when each foot or link is figured and 
subdivided In the other systems only the foot or link at each end 
is subdivided, decimally in the case of the link, and decimally or 
duodecimally for the foot 

Comparative Utility of the Foot and the Link as a Unit. — The foot 
is the unit employed in all structural work, so that surveys made 
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in connection with construction are usually executed with the 
100-ft chain or band, which in consequence is sometimes referred 
to as the engineer’s chain For purely land surveys, on the other 
hand, Gunter’s chain is preferred owing to the facility with which 
areas may be computed from the measurements, since the unit 
of land measurement, the imperial acre, = 10 sq chains = 100,000 
sq links Gunter’s chain has the further advantage of subdividing 
the mile exactly On this account it is sometimes used by engineers 
in this country m the pegging out of railway centre lines By 
virtue of its shorter length , it can be more rapidly manipulated than 
the 100-ft chain, but, as it has to be put down so much oftener, 
the measurement proceeds more slowly 

Relative Merits of the Chain and the Steel Band.— The principal 
comparative features of the chain and band may be summarised 
as follows 

Advantages of the Cham — (1) It can withstand rather rough 
treatment 

(2) If broken, it is easily repaired temporarily with wire or even 
with string 

(3) It is easily read. 

Disadvantages — (1) It is very subject to alteration in length. 
As it has some 800 wearing surfaces, continued use increases the 
length In iron chains especially, the application of excessive pull 
may cause stretching of the small rings by flattening and, unless 
brazed, by opening out Causes tending to shorten it are bending 
of the links and the adhesion of mud between bearing surfaces. 

(2) It is comparatively heavy, and therefore takes some time to 
lay straight on the ground, while it sags considerably when sus- 
pended. 

(3) It is liable to become entangled in shrubbery and to collect 
mud, etc. 

Advantages of the Steel Band — (1) It maintains its length very 
much better than the chain, the stretching with prolonged use 
being negligible for ordinary work 

(2) For the same strength it is lighter than the chain. 

(3) Both foot and link graduations may be furnished on opposite 
sides 

Disadvantages — (1) If carelessly used, it is liable to be broken, 
especially by pulling it when twisted into loops or by stepping 
upon it. 

(2) It can be repaired only by riveting or soldering, and this 
cennot be done in the field unless a repairing outfit is carried. 

(3) It is less easily read than the chain. 

(4) It must be kept free from rust. If the graduations are etched, 
special care must be exercised to preserve their legibility. 

The steel band yields so very much better results than the chain 
that its employment is a necessity in such operations as city 
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surveying and setting out works The chain is, however, still used 
to a large extent for ordinary small surveys, principally on account 
of its durability. 

Testing and Adjustment of the Chain. — The length of a chain 
must be checked at frequent intervals It may be compared with ; 
(a) an official standard ; (6) a good steel band or tape , (c) a chain 
of known length, reserved for the purpose , (d) a levelling staff 
laid down successively Official standards are established in several 
large towns as the distance between marks on metal plugs, but the 
surveyor may with a steel tape set out a private standard by marks 
on a corridor or pavement In extensive surveys a field standard 
should be established as the distance between tacks driven into 
two stout pegs fixed in the ground, a similar point being fixed 
midway 

Before making the comparison, the chain should have all bent 
links straightened and the bearing surfaces freed from mud On 
stretching it with a moderate pull, it will probably be found too 
long. To save the trouble of computing corrections from the 
known error and applying them to measured lengths, the end of 
the nominal length may be marked on one handle, but it is better 
to adjust the length by removing one or more connecting rings 
In doing so, an endeavour should be made to keep the 50 tally 
midway and the others as nearly right as possible. Some chains 
are provided with means for adjustment at the handles. 

Allows. — For marking the ends of chain lengths and recording 
the number of times the chain is laid down in measuring a line, a 
set of marking pins or ariows, generally ten in number, is used 
These arc foimed of iron or steel wire, prefeiably a little heavier 
than that of the chain, and are pointed at one end for thrusting 
into the ground, while the other end is bent to form a ring for 
facility in carrying The usual lengths are 12 and 15 in , but 
18 -in. arrows may advantageously be used in long grass. Arrows 
should have a small strip of red bunting tied to the ring to make 
them conspicuous on the ground. 

Linen Tape. — In ordinary surveying, short measurements are 
made by means of a linen tape, which consists of a painted and 
varnished strip of woven linen usually f in. wide. It is attached 
to a spindle in a leather case, into which it is wound when not in 
use (Fig 41). The usual lengths are 33, 50, 66, and 100 ft., the 
66-ft. tape being the most serviceable on the whole. The gradua- 
tion is in links on one side and feet and inches on the other. In 
place of figuring each inch, the marking shown in Fig 41 is less 
liable to lead to mistakes in reading, and is preferred for surveying 
tapes. 

Linen tapes should not be used where precise results are required, 
as they are subject to serious variations in length. They stretch 
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when pulled, and may easily be permanently elongated, since a 
considerable pull is required to straighten them in wind. Exposure 
to wet causes them to shrink. Linen tapes are not very durable, 
and in time become frayed and illegible, particularly towards the 
zero end. Short end lengths, complete with ring, are obtainable, 
and a worn end portion may be replaced by a new length sewed on 



in the proper position A complete refill tape may be mounted by 
unscrewing the spindle of the box and attaching the end of the 
tape to it, either hy sewing or by insertion in a slit for the purpose 
If treated with care, a tape box will serve for several refills 

Metallic Tape. —The so-called metallic tape is a linen tape into 
which brass or copper wires have been woven for the purpose of 
promoting constancy of length. The device is only partially 
successful. 

Steel Tape. — Far superior to the others is the steel tape, which 
is of lighter section than the steel band and is mounted similarly 
to the linen tape. The graduations, links on one side, and feet, 
inches, and eighths on the other, are marked by etching, and the 
tape must be kept well oiled and clean to preserve their legibility. 
The precautions against breaking apply as m the band 

Ranging Poles. — For the conspicuous marking of points and the 
ranging of lines, wooden poles or pickets are used They are 
generally made of red pine, but ash, lancewood, and bamboo are 
also used. They are of circular or octagonal cross section, tapering 
towards the top, and are fitted with a strong iron or steel shoe. 
The more commonly used lengths are 6 ft and 10 links. To render 
them as conspicuous as possible they are painted black and white, 
or red and white, in alternate bands, or red, white, and black 
successively. By having the painted divisions 1 ft or 1 link long, 
a ranging pole can be used as a measuring rod. Poles which have to 
be observed from a long distance should have a small flag attached. 

Offset Rod. — ^An offset rod is simply a ranging pole, similarly 
shod and painted, which is primarily intended for the measurement 
of short distances. The usual length is 10 links. It may be jointed 
in the middle, and it is fitted with a recessed hook for pulling or 
pushing the chain through a hedge or other obstruction. 

Line Ranger. — ^The line ranger is a small instrument whereby 
intermediate points can be established in line with two distant 
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signals without the necessity of sighting from one of them It 
consists essentially of two reflecting surfaces, either small plane 
mirrors or square prisms, as in Fig 42, one above the other, and 
with their reflecting surfaces normal to each other 
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B 
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Fig 42 — Link Rangkr 

In locating an intermediate point in line with the poles A and B, 
the observer stands approximately in line and places the instru- 
ment on a rod, or holds it at the level of the eye, turning it until 
the image of one oi the poles. A, is seen in the field of view He 
then moves backwards or forwards at right angles to the line until 
the image of B appears A point m the line AB is reached when 
the images of A and B lie in the same vertical line The reflected 
rays from both A and B are then situated in the same vertical 
plane OE The direction of OE depends upon the position of the 
eye, and is not necessarily normal to AB, but, by the laws of re- 
flection, 3 -nd and, since (a 2 +^ 2 ) = have 

(ai-fa 2 H- 6 i+ 62 ) = AOB is therefore one straight line, and 

O can be transferred to the ground by pole 

One of the mirrors or prisms is commonly made adjustable for 
securing the necessary perptmdicularity between the reflecting 
surfaces To perform the adjustment, three poles are ranged by 
theodolite, and the line ranger is held over the middle one If the 
images of the others do not lie in the same vertical line, they are 
made to do so by turning the adjusting screw. 

Cross Staff. — The cross staff is the simplest instrument used for 
setting out right angles It is mounted on a pole shod for fixing 
in the ground, and is arranged in the form of a frame or box fur- 
nished with two pairs of vertical slits yielding two lines of sight 
mutually at right angles Figs 43 and 44 illustrate two common 
t 3 rpes. The open form has usually a longer base between the slits 
than the octagonal box pattern. The latter has additional openings, 
BO that angles of 45° may also be set out. In another form of the 
instrument, the head consists of two cylinders of equal diameter 
placed one on top of the other. Both are provided with sighting 
slits. The upper cylinder carries an index or vernier, and can be 
rotated relatively to the lower, to which is attached a graduated 
circle. This arrangement enables any angle to be set out or 
measured roughly. 
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To set out a perpendicular to a line from a point on it, it is only 
necessary to fix the staff in the ground at the given point and 
bring one pair of slits in range with the poles marking the line. 
The slits at right angles then define a perpendicular line of sight, 
in which poles or marks may be set To drop a perpendicular to 



Fio 43— Cross Staff 



Fig 44. — Cross Staff 


a line from a point outside it, the surveyor, holding the staff on the 
line, must proceed by trial and error until a point on the line is 
obtained at which the poles in the line and the point outside it are 
simultaneously in the two lines of sight of the instrument. 

The cross staff is non-adjustable, and is not susceptible of high 
accuracy, but is useful for setting out long offsets 

The Optical Square. — This is a compact hand instrument for 
setting out right angles, and is capable of greater accuracy than 
the cross staff. It is based on the principle that a ray of light 
reflected successively from two surfaces undergoes a deviation of 
twice the angle between the reflecting surfaces In the instrument 
these surfaces are placed exactly at 45° to each other, and belong 
to small mirrors mounted in a circular box or on an open frame, or, 
alternatively, they form two sides of a prism, the instrument in 
this case being sometimes distinguished as a prism square. The 
latter is the more modern and better form of the instrument. 

Fig. 45 shows a plan of the essential features of the box form, 
the top cover being removed The periphery is formed of two 
cylinders, of about 2 in. diameter and about J in. deep, the one 
capable of sliding on the other, so that, when not in use, the eye and 
object openings can be closed to protect the mirrors from dust. 
Mirror A is silvered over half the depth only, and the other half is 
of plain glass. Mirror B is completely silvered. To an eye placed at 
E objects such as C are visible through the transparent half of A, 
and at the same time objects in the direction of D are seen in the 
silvered part after reflection at B. If the object D is so placed 


r.G.s. I. — E 
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that its image appears directly above (or below) C, so that the eye 
receives the rays from D in the same vertical plane AE as those 
from C, then C and D subtend a right angle at the instrument. For 
the angle G formed by the reflecting surfaces is made 46°, and if 
EAF be denoted by a, then BAG=a by the laws of reflection of 



I 

I 

I 

Fig 46 —Optical Square 

light, and the values of the remaining marked angles are readily 
deduced, giving CHD a constant value of 90° 

Use of Optical Square. — To set out a perpendicular to a line EC 
from a point on it, the observer holds the instrument over the 
point, preferably resting it against a ranging pole, and turns it 
until the pole C, marking the line, is seen through the clear glass 
A chainman, having been sent out with a pole in the direction of 
D, is then directed to right or left until the reflected image of his 
pole appears coincident with the line pole. 

To find where a perpendicular from a given point D would meet 
the line EC, the surveyor, holding the instrument to his eye, walks 
along the line until he obtains the coincidence as before, when the 
instrument will be over the required point. 

Notes — (1) It IB always advisable to have two forward poles marking the 
survey Ime. By keeping them in range, the surveyor can maintam the instru- 
ment m the line without trouble. 

(2) When the perpendicular lies to the other side of the survey line, the 
instrument is held upside down. 

Testing and Adjusting of Optical Square. — The instrument is 
often made with both mirrors permanently fixed, but some makers 
mouiit mirror B (Fig. 46) so as to permit adjustment of the angle 
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between the mirrors. An adjusting key is fitted in the box, and 
is readily available when required. The test and adjustment are 
as follows. 

Object . — To place the mirrors at 45° to each other, so that the 
angles set out shall be right angles. 

Test. — 1. Range three poles A, B, and C in line, preferably at 
least 300 ft. apart 

2. With the instrument at B, sight A, and set out a right angle 
ABD. 

3 From the same point sight C, and if the pole at D appears in 
coincidence with C, the instrument is correct. 

Adjustment — 1 If not, mark opposite D the point D' which 
appears coincident with C, and erect a pole E midway between D 
and D' to mark the true perpendicular BE 

2. By means of the key, turn the screw controlling the adjustable 
mirror until the image of E is made coincident with C 

3 On again sighting A, E should appear in coincidence ■ if not, 
repeat the test and adjustment until the error is eliminated 

iHoie . — The above test is a straightforward case of reversal, and corresponds 
exactly to the testing of a set-square (page 7) 


The Prism Square. — The same principle applies to the prismatic 
form of the instrument, 
shown diagrammatically 


in Fig 46, and it is used 
in the same manner. The 
prism square has the 
merit that no adjustment 
is required, since the 
angle between the re- 
fiecting surfaces cannot 
vary. The deviation of 
this angle from 45°, due 
to errors of workman- 
ship, may be regarded 



as negligible for the 
purposes of the instru- 
ment. 


i 

Fia. 46 — Prism Square. 


The Box Sextant. — The sextant, of which the box sextant is the 
most compact form, is a refiecting instrument capable of measuring 
angles up to about 120°. Although the box sextant is not strictly 
a chain surveying instrument, it is commonly included in the 
equipment in place of an optical square, and may appropriately 
be dealt with here. The principle that the deviation of a ray of 
light refiected successively from two mirrors is twice the angle 
between them is applied as in the optical square, except that in 
this case one of the mirrors, called the index glass, is mounted on 
an axis about which it can be rotated. The variable angle between 
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the mirrors is set off on the instrument, which therefore measures 
that subtended by the objects 

The box has a diameter of about 3 in. and a depth of about in , 
and is provided with a cover, which is removed and screwed on 
underneath to form a handle when the instrument is in use Fig 47 
represents an interior plan of the instrument The fixed mirror, 
or horizon glass, is silvered on the top half only, and the index 
glass is silvered all over Attached to the latter is a toothed seg- 
ment gearing with a small pinion which is actuated by the milled 
head 3 on the top of the box, shown in the exterior plan (Fig 48) 



4 Pmion Index Error Adiustinp Screw, 

Fig. 47 — Interior Plan of Box Sextant 


The axis of the index glass carries an index arm with a vernier, 
which on rotation of the mirror is carried over the graduated arc 
The graduation is carried to half degrees, subdivided to single 
minutes by the vernier, which is viewed through the hinged reading 
glass. 

The observations are usually made by sighting through an eye- 
hole. A small telescope is provided for long-distance sighting, and 
this is attached either by inserting it in the circular opening exposed 
on pushing back the sliding plate or by means of an external 
bracket screwed on when required. The telescope has a dark 
glass for use in the solar observations required in adjusting the 
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instrument, and, to intercept the sun's rays reflected from the 
index mirror, dark glasses are mounted in the box on hinges so that 
they may be lowered out of the way for terrestrial observations. 



4 Index Arm 8 Adjusting Key 

Fjo 48. — Exterior Plan of Box Sextant. 

The theory of the sextant is as follows (Fig 47). 

I^et a =the angle EAH between the horizon glass and the line of 
sight EC, 

h =the angle AHB between the mirrors when the image of a 
pole D appears in line with pole C 
By the laws of reflection, BAF =a, and EAB = (180°— 2a) 

But BAF is an exterior angle of triangle ABH, 

ABH = (a-h) = GBD, so that ABD = 180°-2(a-6). 

But ABD is an exterior angle of triangle ABJ, whence 
AJB, the angle between the signals, = 180°— 2(a— 6)— (180°— 2a) 
= 26 = twice that between the mirrors. 

The point J is not fixed in ppsition, and, in general, the angle 
observed between the objects is not the angle subtended by them at 
the centre of the box. The difference, however, is negligibly small, 
unless the objects sighted are very near the instrument. 

To avoid the necessity of doubling the angle between the mirrors 
at each observation, the graduated arc has the angles figured twice 
their real values, so that the readings give the required mea43ure- 
ments. , 
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The sextant differs from other angular instruments in that it 
measures the actual angle between objects 
of different elevations instead of its hori- 
zontal projection As the latter is required 
in surveying, it may be necessary, when 
the levels of the two signals differ con- 
siderably from each other, to reduce the 
observed angle to its horizontal equivalent 
Thus, in Fig 49, the angle measured at A 
between the objects B and C is BAC = <^. 
If B'AC' is the horizontal plane through 
A, and BB' and CC' are vertieals, then 
B'AC' = 0 is the required angle. 

Denoting the inclinations of the lines of sight to the vertical AZ 
at A by and z^ respectively, then 



n cos <i— cos z, cos Zo 
cos 0 = ^ i ? 

sin Zj sin Zg 

Observing with the Box Sextant. — The instrument is rested against 
the station pole, and one hand is left free to turn the milled head 3 
(Fig 48). To measure the angle subtended by two distant signals, 
the instrument is turned in the hand until one of them is visible 
through the transparent part of the horizon glass, and screw 3 
is then slowly rotated until the image of the second signal is brought 
in line with the first Unless the signals are at the same level as 
the instrument, the latter must be tilted to lie in their plane. The 
angle is given by the vernier index 

In setting out an angle, the index must first be set to read its 
given value. Keeping the line of sight, through the clear glass, on 
the given signal, the surveyor directs a chainman into the position 
at which a pole held by him appears coincident with the signal 


Notes — (1) In measuring an angle, an inexperienced observer may find 
difficulty in picking up the point to be sighted by refiection This frequently 
arises through inattention to the holding of the instrument in the correct 
plane, and it is well to keep tilting it up and down as the index glass is being 
turned. Time is saved if the value of the angle is first estimated and the mdex 
set roughly to this reading 

(2) When the signals are not very clear, the more distinct of the two 
should be that sighted by reflection When the left hand object is thus 
sighted, it IS necessary to hold the instrument upside down. 

(3) The reflected image loses in distinctness when the angle between the 
objects exceeds 110°, and the measurement of angles greater than about 
120° should be made in two parts by erecting a temporary pole in an inter- 
mediate position or by using a well-defined permanent point in the same way. 


Testing and Adjustment of the Box Sextant.— The requirements 
of the astronomical sextant (Vol. II, Chap. II) are applicable to the 
box sextant, but in the latter instrument both the index glass and 
the telescope are mounted without provision for their adjustment. 
The horizon glass has the two movements required for setting it 
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perpendicular to the plane of the arc and for the elimination of 
index error. 

First Adjustment. — Object. — To set the horizon glass perpendicular 
to the plane of the instrument, so that both mirrors may be per- 
pendicular to the same plane 

Test. — 1. Set the vernier to zero. 

2. Sight the sun or any terrestrial object, and observe whether 
there is any vertical gap or overlapping of the reflected image 
relatively to the object (a. Fig. 50). 

O' 

o 6 

Fig 50. 

Adjustment. — If so, by means of the key, kept at 8 (Fig 48) 
when not in use, turn screw 7 until the vertical displacement is 
eliminated. 

Second Adjustment. — Oh]ect — To eliminate index error, so that, 
when the mirrors are parallel, the vernier will read zero 

Test — 1 Set the vernier accurately to zero 

2. Sight the sun or any distant object furnishing a definite 
line, and observe whether the reflected image appears displaced 
laterally with respect to the object (6, Fig 50) 

Adjustment. — If so, by means of the adjusting key turn the screw 
8 (Fig. 47) until the lateral displacement is eliminated. 

THE THEODOLITE 

The theodolite is an instrument designed for the measurement 
of horizontal and vertical angles. It is the most precise instrument 
available for such observations, and is of wide applicability in 
surveying. 

The general constructive arrangement will first be considered, 
beginning with the parts relating to horizontal measurements. 

Parts for Horizontal Measurement. — The line of sight is telescopic, 
and, in observing the horizontal angle subtended at the instru- 
ment by two objects, the telescope is directed first to one and 
then to the other. In order that the angle may be recorded, the 
instrument must evidently be furnished with : 

(1) A horizontal graduated circle. 

(2) A vertical axis passing through the centre of the circle and 
about which the telescope may be turned from the direction of one 
object to that of the other. 
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(3) A horizontal axis about which the telescope may be moved 
in a vertical plane, since the points sighted may be at different 
elevations. 

(4) An index, connected with the telescope, and placed against 
the graduations of the circle, so that the horizontal angular move- 
ments of the telescope may be exhibited by the change of reading 
of the index on the fixed circle (The possible alternative of attach- 
ing the circle to the vertical axis of the telescope and observing 
readings against a fixed index is not adopted ) 

Perhaps less obvious at the outset is the necessity for adding the 
following features . 
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(5) A clamping device for 
holding the index at a given 
reading, and some form of slow 
motion, or tangent, screw to 
facilitate adjusting it exactly to 
that reading 

(6) Mounting of the graduated 
circle so that it may, when re- 
quired, be rotated about the 
vertical axis of the instrument, 
as it IS commonly necessary that 
the graduations should lie in 
particular directions from the 
centre As the circle must be 
stationary during the measure- 
ment of an angle, it must be 
fitted with a clamping arrange- 
ment and also with a slow 
motion screw for its exact orien- 
tation 

The manner in which these 
features arc embodied in the 
theodolite is illustrated diagram - 
maticallym Fig 51, which indi- 
cates an instrument provided 
with four levelling screws . the 
slow motion screws are not 
shown. The index forms the 
zero of a vernier, of which there 
are usually two The provision 
of an inner and an outer axis, 
coned to eliminate looseness due 
to wear, is necessary to meet the 
requirements of paragraphs 5 and 
6 above. Keeping in view the 
fact that A is prevented from 
rotating by its connection to the 
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tripod and by the grip of the levelling screws, the effects of tighten- 
ing one or both clamps can be followed from the diagram. When the 
lower clamp is tightened, B is fixed, but, if the upper clamp is slack, 
C can be rotated because *the inner axis is free If now the upper 
clamp is also tightened, no part can be rotated horizontally, but, by 
releasing the lower clamp, while the upper is tight, B and C can be 
rotated as one upon the outer axis By actuating the appropriate 
tangent screw, however, a piece which is clamped may be moved 
through a small angle Thus, if both clamps arc tight, turning the 
lower tangent screw will have the effect of moving B and C together 
relatively to the levelling head In consequence, the line of sight 
may be adjusted exactly on an object without altering the vernier 
reading The upper tangent screw controls part C only, and using 
it to direct the line of sight on to a signal necessarily changes the 
position of the index on the fixed circle. 

Parts for Vertical Measurement. — The observation of vertical 
angles differs from that of horizontal angles in that the former are 
always measured from a fixed reference plane, viz the horizontal 
plane through the horizontal axis of the telescope The further 
essentials of the instrument are therefore 

(1) A vertical graduated circle, or, since very large vertical 
angles have rarely to be measured, an arc or arcs in place of a com- 
plete circle 

(2) An index 

(3) A clamp for fixing the circle and index together, and a slow 
motion screw for fine adjustment 

(4) A sensitive spirit level for the definition of the horizontal plane 

One arrangement of these 

parts is sketched in Fig 52 
The relation between the 
vernier index and the circle 
is the reverse of that ob- 
taining with the horizontal 
circle The vertical circle is 
rigidly connected with the 
telescope, and the verniers 
remain stationary during 
an observation. The two 
verniers are mounted upon 
a T-shaped frame attached 
to one standard by clip 
screws, by means of which 
adjustment may be effected 
when required. The level 
tube is either attached to 
the telescope or mounted 
on the vernier frame as 
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Fig. 52. 
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shown . some instruments have two tubes, one in each position. 
It will be seen that the effect of clamping is to fix E relatively to 
D and C, but a small motion of E can be obtained by actuating the 
tangent screw When the clamp is fixed' slackening one clip screw 
and tightening the other causes a movement of D and E together 
relatively to C. 

Types of Theodolite. — The arrangement shown in Figs. 51 and 52 
indicates that the telescope can transit, i e. make a complete rotation 
about its horizontal axis. The possibility of reversing the line of 
sight by rotation of the telescope constitutes the necessary and 
distinguishing feature of the Transit Theodolite or Transit. It is 
not essential that the rotation should be complete, and frequently 
the proportions of the telescope and standards are such that reversal 
can be effected only with the eyepiece end downward The standard 
British transit is furnished with a complete vertical circle, but this 
feature does not constitute the distinctive characteristic of the t3rpe 
A transit without means for measuring vertical angles is known as a 
Railway Transit 

Non-transiting patterns comprise the obsolete Wye or Plain and 
Everest theodolites In these, the manner of mounting the telescope 
is such that the line of sight cannot be reversed by rotation of the 
telescope, but the effect of transiting is obtained by removing the 
telescope from its supports and turning it end for end. Although 
these instruments possess the merit of compactness, they are 
inferior in utility to the transit, which has entirely superseded them. 

Transit Details. — Fig 53 shows the construction of an ordinary 
pattern of transit theodolite, of which important fittings are further 
described 

Levelling Screws should be of fine pitch, in being suitable. 
Delicacy of action is also dependent upon the distance of the screws 
from the vertical axis , the greater the distance the smaller will 
be the tilt caused by one turn. Either three or four screws are 
used, and the construction of the levelling head differs in the two 
types. 

A three-screw head is illustrated in Fig 53, the foot plate 4 
having three arms which receive the lower ends of the levelling 
screws. The foot plate forms a separate part, which, in the assemb- 
ling of the instrument, has to be screwed to the tripod head. The 
locking plate is provided with slots of keyhole shape, as in Fig. 54 ; 
by sliding it round sufficiently to bring the wider part of the slots 
opposite the recesses in the foot plate, the levelling screws may be 
entered. On sliding back the plate, and clamping it, the screws are 
clipped, but the connection is not very firm if the locking plate or 
the balls of the levelling screws have become worn. Greater rigidity 
is obtained by having the ball ends of the screws permanently fitted 
into the footplate, as illustrated in Figs. 71 tod 91, which also show 
the encasement of the threads of the screws as a protection against 
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dust The screws operate in bushes fitted into, and extending above 
and below, the levelling head, and dust caps are screwed on to the 
upper ends of the bushes. 

Four levelling screws necessitate the arrangement of parallel 
plates and ball and socket joint outlined in Fig. 51. As constructed, 
the four-screw instrument has the more compact levelling head, but 
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Fig 53. — Tbansit Theodolite. 


this is its only merit. The use of four points of support, when three 
are sufficient for stability, leads to uneven distribution of pressure on, 
and excessive wear of, the screws, and is likely to strain both the 
axes and the screws. The three-screw instrument is free from these 
objections, and has the important advantage of being more rapidly 
levelled (page 78). 

A Plumb Bob is suspended from the vertical axis to enable the 
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instrument to be centered over the ground point from which the 
measurements are required The cord must have a slip knot or 
other means to permit the plummet to be adjusted to the proper 
level The operation of centering the instrument (page 77) is 
facilitated by the provision of a Movable Head or centering arrange - 
mentj whereby the instrument and attached plumb line may be 
moved independently of the tripod and clamped thereto when the 
plumb bob is over the mark. 

Several patterns of movable head are in use Fig 54 shows a 
simple form The available movement consists of a straight line 
motion controlled by the pin 7 in the slot 8 formed in the bottom 
plate, which is screwed to the tripod, and a rotation about the pin 


1 Tribrach Plata 

2 Locking Plate ^ 

3 Spring 

4 Clip 



5 Clamp Nut 
O' Tripod Screiu 
~ Pin 
3 Slot 



Section 


f Upper Pmt 

2 „ Clamp 

3 Lower Piuot 

4 „ Clamp 

5 Lugs for Open 
Frame Tripod 



Plan 



Section 


Fi(3 64 — Movable Head. Fig 55 — Tboughton and Simms’ 

Centebing Abbangement. 


limited by the projections on the underside of the arms of the 
tribrach plate 

Fig 55 illustrates Messrs Troughton and Simms’ centering 
arrangement, which permits a much greater range. It consists of 
two plates movable relatively to the tripod head and to each other 
The upper plate, carrying the instrument, can be rotated about 
pivot / and clamped to the lower plate, which is provided with a 
similar movement at right angles to the first. 

An improvement is made in some instruments by introducing 
the centering arrangement just above the levelling screws instead 
of on the tripod head. 

In circumstances requiring the instrument to be placed at some 
height above the station point, it is a difficult matter to perform the 
centering by means of a long plumb line. An optical plumbing 
device is fitted in some modem theodolites^ and consists of a small 
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telescope which can be attached horizontally to the levelling head, 
an axial, vertical line of sight being obtained by means of a prism 
Optical plummets may be adapted for sighting upwards, as well as 
downwards, so that in tunnel work the instrument may be centered 
below a mark in the roof. 

Level Tubes — Two plate levels are provided for the levelling up 
of the instrument, and sometimes a small circular level is fitted to 
the foot plate to facilitate the setting up of the instrument Of the 
plate levels, one is placed at right angles, and the other parallel, to 
the line of sight, the latter being sometimes mounted on one of the 
standards The former should be the more sensitive, since it controls 


the horizontal axis and therefore the verticality of the plane of 
rotation of the line of sight The sensitiveness of both should depend 
upon the resolution of the telescope and the delicacy of the instru- 
ment generally It ranges from 20 to 60 sec per 2 mm division in 
instruments for ordinary work The bubble tube attached to the 
telescope (Fig. 53) or to the vertical vernier frame (Fig 52), being 
used in vertical angulation and occasionally for ordinary levelling, 
should be more sensitive, a value of 10 to 20 sec per 2 mm. division 
being required This altitude level, as it is called, is better placed 
on the vernier frame, since in that position it exhibits the stability 
of the instrument while the telescope is tilted for the observation of 
vertical angles 

For observations necessitating levelling of the horizontal axis 
with greater delicacy than is 

possible by means of the ^ ^ ^ ^ "[Th 

plate level normal to the tele- . )n 

ST; ‘4“? S 

V % 7 stmenf 

y-shaped ends which can 3 Screws for Lateral 
be placed upon the trunnion Adjustment I 

axis The level tube is ad- ■ 4 Trunnion Axis f 
justablc so that its axis and [J r'l 

the feet of the legs may be r.6 — Striding Level 

parallel By reversing the 

striding level on the trunnion axis, the latter may be accurately 
levelled. The sensitiveness of the striding level is usually equal to, 
or greater than, that of the altitude level 

Circles — ^The diameter of the horizontal circle between the reading 
edges of the graduations serves to designate the size of an instru- 
ment : this ranges from 3 in to 12 in The 4J-in , 4J-in , and 5-in. 
sizes are those most commonly used in ordinary surveying and 
engineering work The 6 -in instrument is employed when a higher 
degree of accuracy than usual is required, but 6 -in. vernier theodo- 
lites have been largely superseded by smaller instruments in which 
the circles are read by micrometer microscopes (page 66) instead of 
verniers. Instruments of sizes smaller than 5 in. have increased 


-Striding Level 
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greatly in popularity of recent years, largely owing to modern 
improvements in graduating machines. The use of instruments 
larger than 6-in. is confined principally to large triangulation 
surveys The vertical circle is commonly of the same diameter 
as the horizontal circle, but is sometimes made rather smaller. 
The graduations are cut on a ring of silver, and for instruments 
read by verniers the division is generally as follows . 


Diameter 

r 

4^ to 5^ 
6 " 


Circle Division 
30' 

30' or 20' 

10' or 20' 


Verniers read to 
1 ' 

1', 30^ or 20" 
10" or 20" 


The figures increase clockwise from 0° to 360° on the horizontal 
circle In some instruments two sets of figures are engraved, 
increasing in the clockwise and counter-clockwise directions 
respectively, and double verniers (page 37) are used This gradua- 
tion enables angles measured counter-clockwise to be read as directly 


a 


b 


c 





Telescope Horizontal 



TelescopQ at 30^ Eleuation 
Fig. 67. 

as those measured clockwise, but the risk of mistakes in reading 
is greater than with the single figuring, and the latter is to be 
preferred. 

The vertical circle is divided and figured either in quadrants or 
continuously from 0° to 360°. Tfie former system is generally pre- 
ferred in small instruments, the readings at the horizontally opposite 
verniers both being 0° when the telescope is horizontal (a, Fig. 57). 
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With this arrangement, the same reading is obtained, on both ver- 
niers, for an angle of elevation as for an angle of depression of the 
same magnitude. It is therefore necessary to distinguish between 
elevations and depressions in booking, and in the observation of 
small vertical angles care has to be taken to notice whether they 
are above or below the horizontal, especially if the circle is not 
marked + and — on either side of the zeros To obviate mistakes 
from this source, and to afford different readings at the opposite 
verniers, a continuous graduation round the circle is sometimes 
preferred The figuring may be that of 6, Fig 57, giving readings 
of 0° and 180° for a horizontal line of sight, or as shown at c, in 
which the corresponding readings are 90° and 270°. 

When an angle of elevation is being measured with the telescope 
pointing from right to left, the position of the figures is as shown on 
the lower half of Fig 57, since the circle rotates with the telescope 
For an elevation of the readings given by both verniers of 
circles a, h, and c respectively, taking the vernier next the eyepiece 
first, are: 7^°, n\ n\ (180°+ri°) , (90°-n°), (270° -w°). For the 
same angle below the horizontal, the readings would be 7i°, n ° ; 
(360°-7i°), (180°-7t°); (90°+7i°), (270°+7i°) There is evidently 
little possibility of confusion between elevations and depressions 
with the whole circle figurings, of which h is preferable to c The 
risk of mistakes in the extraction of trigonometrical ratios is, 
however, greater than in the quadrantal system, which is the more 
convenient for ordinary work 

To facilitate reading, British instruments have the graduated 
face of the horizontal circle made in the form of the frustum of a 
cone . the vertical circle is plane. It is desirable to protect both 
circles by a solid guard in which glass covered openings are provided 
at the verniers The horizontal circle of Fig 53 is shown covered in : 
the vertical circle is more commonly left exposed 

The two Horizontal Verniers are placed diametrically opposite each 
other, and do not appear in Fig. 53 as the line joining their zeros 
is perpendicular to the line of sight This is the usual arrangement, 
but it necessitates the observer’s moving round from his position at 
the eyepiece in order to read even one of the verniers, which is some- 
times all that IS required. A position with the zeros at 30° to 40° 
with the line of sight is most convenient for work in which only 
one vernier is consulted, and this arrangement is adopted in some 
patterns. The plates carrying the vernier scales have the same bevel 
as the circle, and they may be fitted with a weak flat spring to 
maintain contact with it. In modern designs, however, the verniers 
are not actually in contact with the circle, so that wear and frictional 
resistance to rotation are minimised. 

The magnifiers used for reading the verniers are mounted either 
on small brackets hinged to an arm which can turn about the centre 
of the upper plate or as shown in Fig. 53. The optical arrangement 
of the ordinary pattern is that of the Ramsden eyepiece (page 23s), 
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and, in taking a reading, the eye must be brought close to the eye 
lens. An alternative pattern of reader, consisting of an achromatic 
doublet, enables the graduations to be focussed with the eye 6 or 8 
inches away, and is more convenient to use 

The Vertical Verniers are given a slight bevel only, and are rigidly 
connected to their frame If the vertical circle is divided in quad- 
rants, the readings have to be taken clockwise and counter-clockwise 
in alternate quadrants. Instead of fitting double verniers, however, 
a common arrangement is to have single verniers with two sets of 
figures, reference being made to those which increase in the same 
direction as the figures on the quadrant being read 

Clamp and Tangent Screw fittings may take several forms In 
Fig. 53, the lower clamp 77 is screwed into a circular casting which 

embraces the outer axis, and which is 
connected to the fixed levelling head 
through the tangent or slow motion screw 
12, the latter being threaded through a 
lug projecting from the levelling head 
On applying the clamp, a pad is pressed 
against the outer axis, which is then 
secured through the tangent screw to the 
levelling head On turning the tangent 
screw, the outer axis, circle, and clamp 
fitting are rotated together relatively to 
the levelling head In an alternative, but 
less satisfactory, pattern, the clamp is 
placed tangentially, and tightens a split 
ring round the axis as shown in Fig 58. 

In the upper clamp and tangent screw 
and those of the vertical circle in Fig 53 the tangent screw 
operates directly on the clamp The tangent screws are protected 
from dust, and are fitted with opposing springs to take up wear 
and give a uniform motion. 

The Telescope, to permit of transiting, is limited in length by the 
height of the standards, which must be reasonably low for stability 
and lightness If the telescope is of the internal focussing type, it 
will be capable of being transited both ways, ^ e. with the eyepiece 
or the object glass downwards With an external focussing tele- 
scope the design may admit of this, but a common arrangement is 
to make the telescope to transit only with the eyepiece downwards, 
and therefore the focussing movement takes place at the object 
glass end. Two Ramsden eyepieces are generally provided, giving 
a high and a low power The magnifications range from about 15 
to 30 diameters, but should accord with the capabilities of the 
instrument in other respects (page 84). Stadia hairs should always 
be fitted, and, if the instrument is being used for astronomical 
observations, a diagonal eyepiece and a sUn cap are necessary. 
Small open sights are sometimes fixed on the outside of the telescope 
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to enable the surveyor to direct the line of sight rapidly towards 
a mark, and they prove a convenience for work in wooded country. 
They should be fitted on both the upper and lower sides, so that they 
may be equally available in the direct and reversed positions of the 
telescope. 

If the instrument is to be used at night or in underground work, 
provision must be made for illuminating the cross-hairs, which 
would not otherwise be visible The simplest method is to attach 
a refiector in front of the object glass in order to project a small 
amount of light from a lamp or candle into the telescope. The re- 
flector may take the form of a very small mirror or prism, a silver 
bead, or simply a piece of white paper with a sufficiently large 
opening through which to sight Otherwise, the telescope trunnion 
is made hollow on the side remote from the vertical circle, and a 
lamp, supported from the standard, projects light along the hollow 
axis into the telescope The rays are focussed on to a metal reflector 
of about J-in diameter placed in the longitudinal axis of the tele- 
scope, and are reflected on to hairs Some theodolites are fitted 
with a complete lighting set with lamps for the illumination of the 
circles at the verniers or microscopes, as well as of the reticule A 
cell is carried on the tripod, and the current is transmitted through 
the vertical axis, the intensity of the light being controlled by a 
rheostat 

The Comyaas needle of Fig 53 floats in a circular box, the circum- 
ference of which IS divided to degrees. This second graduated circle 
is somewhat unnecessary, since magnetic bearings may be read upon 
the larger horizontal circle when oriented by the needle, and a 
better arrangement is to contain the needle in a narrow rect- 
angular box provided with a scale of only a few degrees on either 
side of zero (Fig. 59). Such a compass is called a trough compass. 



Fig 69. — Though Compass. 


and has the advantage that a longer needle can be employed, while 
weight is reduced. It is attached when required to cither the upper 
limb or the lower, according to the design of the theodolite. In the 
former case, the compass is screwed on to one of the standards so 
that its axis is parallel to the line of sight of the telescope. In the 
latter, it is fitted to the underside of the circle plate, the projecting 
flanges shown in Fig. 59 being slid into grooves on the plate. These 
grooves must be so situated that, when the needle floats centrally 
in the box, the circle is oriented for the reading of magnetic bearings, 
i.e. the line of sight lies in the magnetic meridian when the circle 
verniers read 0° and 180°. Screws are provided for adjusting the 
position of the scales. 

p.Q.s. I. — r 


66 PLANE AND GEODETIC SURVEYING 

Although they are sufficiently accurate for most purposes, neither 
the circular compass nor the ordinary trough pattern lends itself 
to very precise setting, owing to parallax arising from the difficulty 
of ensuring that the eye is in the vertical plane of the needle A 
greater degree of accuracy is attained by the use of a so-called 
telescopic compass. In this case, the needle is contained in a tube 
at one end of which there is fitted an eyepiece and a diaphragm 
carrying a glass plate with vertical rulings, which is nearly in the 
same plane as one end of the needle. The reticule being suitably 
illuminated by a refiector, the observer, on looking through the eye- 
piece, sees the end of the needle, which may be formed with a sharp 
edge on top or may be fitted with a light frame carrying a reference 
line. 

A Quick Levelling Head may be fitted to facilitate levelling up, 
but these are not so common in theodolites as in levels (page 112), 
principally on account of the increase of weight — an important 
consideration in the theodolite. 

Wall Tripod . — It may be necessary to set the instrument over a 
point where the use of the ordinary tripod is impossible. In the 

case of the three -screw levelling head, the 
tribrach plate is usually provided with 
three points which can be used as sup- 
ports, but the four-screw head may require 
the attachment of a separate piece, called 
a wall tripod (Fig. 60 ). The instrument is 
centered when the three supporting points 
are equidistant from the station point. 

The Micrometer Microscope. — As the required fineness of reading 
increases, the vernier decreases in utility as a means of measuring 
fractional parts of the circle because of the difficulty of estimating 
the position of coincidence. Recourse may be had to the repetition 
method of angle measurement (Vol. II, Chap. Ill), but in geodetic 
and astronomical instruments the vernier has long been superseded 
by the micrometer or measuring microscope, which is superior not 
only in accuracy but also in the rapidity with which readings may be 
taken. Of recent years the micrometer has been increasingly used 
in ordinary work as a fitting for small theodolites. 

Principle. — ^The principle of the micrometer screw is widely used 
in physical and workshop instruments for the accurate determina- 
tion of length, the required measurement being primarily obtained 
as a certain number of times the pitch of a fine screw working in a 
fixed nut, plus a fraction of a pitch or turn. By dividing the 
circumference of the head of the screw into a number of equal 
spaces, a convenient and accurate means is afforded for estimating 
the fractional part by reference to a fixed index mark. As applied 
in the theodolite, the micrometer screw is used in conjunction with 
a microscope, and is arranged to measure parts of the real image 



Fig. 60 . — Wall Tripod 



INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 67 

of the circle divisions which is formed by the objective of the 
microscope. 

Details of Micrometer. — ^Figs. 61 to 64 illustrate the micrometer 
as used in theodolites for ordinary work. The microscope consists 
of an achromatic objective 1 and a Ramsden eyepiece 3. In front 
of the latter the microscope tube is enlarged to form a rectangular 
box, through one side of which the micrometer screw passes. The 
screw is provided with a milled head and a graduated drum 5, the 
rotation of which can be read relatively to the fixed index arrow 6. 
By rotating the head a lateral motion is imparted to the slide 7, 
across the opening in which are stretched cither two closely spaced 
parallel webs 5, cross-hairs, 
or a single hair. The slide is 
controlled by two light spiral 
springs (not shown), with the 
object of eliminating back- 
lash. By suitably arranging 
the position of the entire 
microscope relatively to the 
circle and the distance of 
the objective from the hairs, 

(a) the real image of the 
circle graduations may be 
formed in the plane of hairs, 
and (6) the size of the image 
of a circle division may be 
made such that an exact 
number of turns of the screw 
is necessary to carry the 
hairs from the image of one 
graduation to that of the 
next. When these two re- 
quirements arc met, frac- 
tional parts of the scale divisions can be measured on the image, 
the circumstance that they are measured on a chord instead of an 
arc leading to no appreciable error. 

As in the vernier, there must be provided a point or line of 
reference from which to obtain both the approximate and fractional 
readings. This zero is defined, for the reticule illustrated, by the 
imaginary line midway between the parallel hairs when these 
occupy the middle of the field of view, the drum reading zero. For 
convenience, this point is approximately marked by a notch 9, cut 
in a small fixed plate immediately in front of the hairs, it being 
impracticable to place it in their plane. When the eyepiece is 
focussed for the hairs and the image, the notch is not therefore in 
precise focus, but the whx>le function of the notch is to facilitate the 
determination of the a'p'proximate reading^ and it is not referred to 
for the measurement of the fractional •part. 
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Least Cfount ol Micrometer. — ^To determine the least count, the 
nature of the circle division must first he ascertained by examina- 
tion through the microscope In the case of ordinary patterns of 
instruments up to 5-in diameter, the circle spaces represent 10 min. 
The 6-in. theodolite is usually divided to 10 min., but the division 
may be carried to 5 min. The latter graduation is adopted in instru- 
ments larger than 6 in. Since the Rarasden eyepiece is non-erecting, 
the figures are engraved in the inverted position, so that they appear 
right side up when viewed through the microscope. The inversion 
of the image makes the circle appear to be graduated counter- 
clockwise instead of clockwise. 

By rotating the milled head, the number of turns of the screw 
necessary to carry the hairs from the image of one graduation to 
that of the next should then be found If t turns are required, and 
the circumference of the drum is divided into n parts, the value 

of a drum division is — of a circle division In theodolites with circle 
nt 

spaces of 10 min , t is made 1, and the drum has altogether 00 divi- 
sions, so that the value of each is 10 sec In more precise instruments 
t is 5, and the drum divisions represent 1 sec or 2 sec 

To Read the Micrometer. — As an example, let the circle be divided 
to 10 min., and let one turn of the screw carry the hairs across a 
circle division, the drum having 60 parts The eyepiece should, if 
necessary, first be adjusted until the hairs are very sharply focussed. 
The appearance presented through the microscope may then be as in 
Fig 65. The hairs may be in any position, but if they were brought 
to the middle of the field of view, so that the drum reads zero, 
they would appear to lie in the notch. The approximate reading. 




given by the position of the notch, is 144*" 30', and, to obtain the 
additional part, all that is necessary is to move the hairs until they 
are centered over the graduation next the notch, as shown in 
Fig. 66. The drum now records 4' 10", so that the complete reading 
is 144° 34' 10". 

Notes. — (1) The object of using two parallel hairs, instead of cross-hairs 
or a single hair, is to facilitate centering over a graduation. The distance 
between the hairs is very little more than the width of the image of an engraved 
line, and it is thus possible to estimate the bisection by the latter of the space 
between the hairs with considerable precision. 
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(2) Since one turn of the screw corresponds to a motion of the hairs across 
a division, it is immaterial on which graduation they are centered, as the 
drum will register the same reading, if the micrometer is in adjustment. 
Thus, in Fig. 66, in takmg the reading, the hairs might have been moved to 
the position shown dotted, with the same result as before. 

(3) For the same reason, it is altogether unnecessary to put the hairs over 
the notch before taking a reading They have simply to be moved from the 
position in which they were left from the previous observation For the 
avoidance of lost motion, the hairs should, however, always be brought on 
to a graduation by screwing against the spring. It may therefore be necessary 
to run the hairs past a graduation in order to bring them on to it in the 
constant direction 

(4) Care should be exercised not to press upon the head of the screw. It 
should be fingered as lightly as possible 

(5) The caution, mentioned on page 40, against side illumination of the 
circle, applies with special force to micrometer reading. The illumination, 
whether daylight or artificial, must be thrown upon the circle in a radial 
direction by turning the reflector (Fig 64) into the proper position The re- 
flector IS usually formed of plaster of Pans, and its matt surface affords a soft 
uniform illumination 

(6) Apparently the reading could be carried to the nearest second by 
estimation of parts of the drum divisions With small instruments, however, 
the readings cannot in general be relied upon to less than 10 sec , as the 
accuracy of an observation depends primarily upon the theodolite itself. 
The magnifying power of the micrometer microscopes should accord with 
the sensitiveness of the instrument to which they are fitted, and for instru- 
ments of standaid pattern smaller than 8 in this is insufficient to permit of 
reading to a single second with accuracy. 

To Set the Circle to a Given Reading, the angle must be considered 
as consisting of a number of circle divisions (the approximate 
reading) and a fractional part (the micrometer reading) The 
hairs have first to be placed to the left of the centre point by a 
distance corresponding to the latter reading, and then the gradua- 
tion representing the approximate reading must be brought to 
bisect the space between the hairs, the final adjustment being made 
by the upper tangent screw 

Errors and Adjustments of the Micrometer. 8ee Vol. II, Chap. III. 

The Estimating Microscope. — A simple method of reading the 
circles by microscope without using a micrometer screw and drum 
has developed widely on the Continent. The microscope is fitted 
with a diaphragm carrying a glass plate on which is ruled a scale of 
equal parts, the total length of the scale being equal to that of the 
real image of a circle space produced by the microscope objective. 
The scale, being placed at the common focal plane of the objective 
and eyepiece, enables estimates to be made of the fractional parts, 
the zero of the scale forming the reference point. 

Thus in Fig 67, which represents the view presented by the 
microscope in the case of a circle divided to 20 min , the scale is 
divided into 10 parts, each representing 2 min. The approximate 
reading given by the position of the zero is 144° 20', and, if the scale 
reading is estimated to be 7-1, the complete reading is 144° 20'+ 
14'‘2 = 144° 34' 10", to the nearest 10". If the readings of oppositev 
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microscopes are taken for averaging, the reading is simplified by 
regarding the scale divisions as single minutes and adding the sum 
of the two scale readings to the approximate reading. Thus, if the 

scale readings are 7-1 and 7-2 respectively, 
giving a sum of 14'-3, the mean reading is 
144° 34'-3 

In the case where the circle is divided 
to 10 min , a scale of ten parts enables 
estimates to be made at each microscope 
to 0-1 min Apparently by increasing the 
power of the microscope, so that a more 
finely divided scale can be used, any degree of refinement of 
reading is possible, provided that the microscope is adjusted so that 
the length of the image of a circle space equals that of the scale. 
Messrs. Cooke, Troughton and Simms, of London, have patented 
a design of estimating microscope in which the scale can be moved 
parallel to the circle graduations and is of the diagonal pattern, 
affording intersections at 10 sec intervals from which to estimate. 
Actually, however, high magnification makes the engraved lines of 
the circle appear too coarse for refined estimations, unless the lines 
are very accurately tapered at the end or arc ruled on a glass circle 
instead of a silver ring, as is done in some modern theodolites. The 
estimating microscope is therefore inferior to the micrometer 
microscope for precise readings, but it forms a very simple substitute 
for the vernier. 

Double Beading Theodolites. — Important angle measurements, 
especially such as warrant the use of a micrometer theodolite, 
always require that readings at diametrically opposite points on 
the circle should be taken for averaging (page 83). This necessitates 
the observer’s moving round the instrument, and introduces the 
possibility of his disturbing it, particularly when working in the dark. 
To minimise this risk, and to save time in reading the circles, various 
designs of theodolite have been introduced in which it is possible to 
observe the readings of the opposite points of 
both circles from one position. 

Casella’s Double Reading Theodolite. — In the 

instrument designed by Messrs. C. F. Casella 
& Co., of London, the images of the opposite 
parts of the horizontal circle are brought into 
the field of a single microscope by means of 
prisms placed in the vertical axis. These images 
are presented side by side to the observer along 
with an image of the micrometer drum, as 
shown in Fig. 68. The two readings are ob- 
tained by adjusting the micrometer hairs on 
the graduations of both images successively in 
the usual manner. In the case illustrated, 
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the micrometer hairs are centered on a graduation of the left- 
hand image, and the reading is 144° 34' 10". The vertical circle 
microscope, which is of the same pattern, is placed with its axis 
in that of the telescope trunnion, and is just above the horizontal 
circle microscope. With this arrangement the observer can obtain 
all the angle readings from one position. 

The Wild Universal Theodolite. — This instrument, designed by 
Dr. H. Wild, the inventor of the type, and made by his firm at 
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Fig. 69 . — ^Wild Univebsal Theodolite. 


Heerburg, Switzerland, embodies a number of novel features 
tending to precision of reading and saving of time in observing. 
The horizontal circle is only 3J in , and the vertical circle 2 in., in 
diameter. Both circles are read through a single microscope placed 
alongside the telescope, the movement of a prism determining 
which is viewed, A noteworthy feature is that the same micrometey 
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system serves for both circles, their different sizes being compensated 
for by magnifying the graduations different amounts. 

The optical arrangement may be followed from Pig 69. External 
light is received by the adjustable prism 2a, and is transmitted 
through the system 2h, c, d to opposite points of the horizontal 
circle /, being reflected to right and left by the prisms 2d. The glass 
ring forming the horizontal circle is graduated on the upper side, and 
it is silvered on that face The rays from the illuminated gradua- 
tions at diametrically opposite points are reflected downwards into 
the prisms 3a, which transmit them upwards side by side through 
the lenses 8h and the prism 3c Prism 7 e forms part of the vertical 
circle system, and is withdrawn while the horizontal circle is being 
read. The rays traverse plates of parallel glass 11, which form part 
of the micrometer device, and are reflected in prism 3d They are 
projected through lens 8e on to prism 3/, which transmits them along 
the reading microscope 4 to the eye 

A similar scheme enables the images of opposite points of the 
vertical circle 5 to be viewed in the microscope when the prism 7 e 
is placed, by the movement of a button, in the position illustrated 
Light is introduced by a prism, not shown, and travels by way of 
lens 6a and prisms 6h to the circle The rays reflected from the 
illuminated graduations proceed through 7a, b, c, d to the prism 7e, 
and thence through the parallel plates to the microscope as 
before 

The micrometer drum 8, consisting of an unsilvered glass ring, 
is suitably illuminated Light passing through it is reflected by 
prism 9, which carries the index mark, proceeds through the object 
lens 3e, and is transmitted along the microscope by prism 3/ together 
with the circle images. The circles are divided to 20 min., and the 
approximate reading is estimated to 10 min. The micrometer drum 
is divided into 10 single minute spaces, each of which is subdivided 
to single seconds. The turning of the micrometer screw 10 rotates 
the micrometer drum, and simultaneously tilts the plates 11, moving 

the images of the two parts of the circle 
in opposite directions 

To take a reading, the position of the 
fixed index mark relatively to the circle 
graduations is observed, and the approxi- 
mate reading is taken. The micrometer 
screw IS then adjusted until the images 
of the adjacent graduations of the two 
parts of the circle are brought into exact 
coincidence, as shown in Fig. 70. The 
mean value of the minutes and seconds 
of the fractional parts of the opposite 
readings is exhibited on the image of the micrometer drum scale 
against the fine index line Before the coincidence was effected in 
the case illustrated, the index mark appeared more than half-way 
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Fig 70. 
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between 144° 20' and 144° 40', so that the approximate reading 
was 144° 30', and the complete reading is 144° 34' 12". 

The Tavistock Theodolite. — This instrument (Fig. 71), made by 
Messrs Cooke, Troughton and Simms, Ltd , incorporates the method 
of reading circles patented in 
1927 by Instructor Captain 
T Y. Baker and Mr. R W 
Cheshire whereby opposite 
parts of the circle are viewed 
side by side with the reference 
mark between them . A feature 
of this system is that the fine 
reading device simultaneously 
moves the circle images in the 
same direction Readings are 
obtained by displacing the 
images until the graduations 
on either side of the index 
mark are equidistant from it 
The fractional part of the mean 
reading is obtained on the 
image of the micrometer scale, 
which appears in the field. 

The horizontal and vertical 
circles are divided on glass to 

20 min , and are of 3} in and 

2 1 in diameter respectively 
The former is carried on an independent axis, as in the ordinary 
pattern, and the optical system for the illumination and read- 
ing of the circle rotates with the telescope as the latter is wheeled 
horizontally. The circles are read by means of independent 
micrometers direct to single seconds. The reading microscopes 
are pivoted from the standards, and can be adjusted to suit the 
observer whether he is using the telescope in the direct or reversed 
position 

Fig 72 illustrates the optical arrangement as far as it can be 
shown on one view In the case of the horizontal circle, light 
entering by the reflector 2a is transmitted to diametrically opposite 
points of the horizontal circle by a series of prisms of which 2h is 
the first The rays reflected from the silvered surface of the gradu- 
ated circle are, in the course of their path, reflected by prisms 3a, and 
transmitted through movable wedges, or travelling prisms, 36, to 
the prisms 3c. The latter lie just below the glass disc 4 on which the 
fine reading scale is engraved, and the rays from the circle are 
brought to a focus in the plane of the micrometer scale. By means of 
the system 5 a, 6, c, rays from the fine reading scale and from the 
images of the opposite points of the circle are transmitted side by 



Fig 


71 —The Tavistock 
Theodolite 
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side into the horizontal circle microscope 6. The vertical circle 
reading system is designed on similar lines. 

The manner in which the readings are shown in the microscopes 



/ Horijontal Cirr/e 
2 /ffammatton System for / 

J System transmitting Image of Graduations of / to 
Plane of 4 

4 Horijontal fme Reading Circle 

5 System transmitting Images mto 6 
€ Horizontal Circle Microscope 

7 Horizontal Circle Micrometer Milled Head, 

8 Vertical Circle 

9 Illumination System lot 8 

10 System transmitting Image of Graduations d 8 to 
Plane of // 

U Vertical Fme Reading Circle 

12 System transmitting Images mto U 

13 Vertical Circle Microscope 

14 Vertical Circle Micrometer Milled Head 

15 Telescope 

16 Tetescr^e Focussing Screm 

Fig, 72. — ^Tavistock Theodolite — 
Pabt Section. 


is illustrated in Fig. 73, which 
shows the field oi the hori- 
zontal circle microscope Of 
the three apertures, the 
bottom one shows the ap- 
proximate reading, that at 
the top presents an image of 
part of the micrometer scale, 
and in the middle one are 
brought side by side images 
of the diametrically opposite 
points of the circle separated 
by a relatively broad line 
forming the index The three 
index marks and the mask 
defining the apertures are 
placed on a thin glass plate 
between 3c and 4 (Fig. 72). 
To minimise the possibility 
of the wrong microscope being 
read, the relative position of 
the apertures is made different 
in the case of the vertical 
circle, and the letter V is 
shown 

To read, say, the horizontal 
circle, the milled head 7 is 
first adjusted until gradua- 
tions from opposite points of 
the circle are placed sym- 
metrically about the reference 
line. This is effected by 
equalising the narrow bands 
of light between the index 
and the graduations on either 
side. The rotation of 7 re- 
quired to do so displaces 
the images by moving the 
travelling prisms 3b, turns 
the fine reading scale to the 
mean of the opposite read- 
ings, and at the same time 
places the graduation repre- 
senting the coarse reading 
exactly opposite the index 
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point in the bottom aperture. In the example illustrated the 
reading is 144° 20'+ 14' 12" = 144° 34' 12". To set the circle to 
a given reading, the micrometer scale 
IS set to the fractional reading by 
means of the micrometer milled head, 
and the circle is wheeled until 
the approximate reading is brought 
roughly to its index mark The final 
setting is effected by turning the 
upper tangent screw until the opposite 
graduations appear equidistant from 
the reference line in the small aperture. 

The American Transit. — The ordinary 
American transit is commonly lighter 
than, and differs in several respects from , 
the British model The trunnion axis is not usually removable 
from the standard supports, and there is no fitting corresponding 
to 26 , 27 (Fig 53) The four-screw levelling head is employed to 
a far greater extent than in this country, but three screws are 
favoured for precise instruments The graduated faces of the hori- 
zontal circle and vernier are placed in a horizontal plane (Fig 74), 
this arrangement having the merit of minimising wear between 
the circle and verniers The circle is commonly figured in both 
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Non-transitins Theodolites. — In these the gener&il constructive 
arrangement of the parts relating to horizontal measurements is 
the same as in the transit. The manner of mounting the telescope 
creates differences in the method of adjustment. The Wye pattern 
is still in use to a limited extent, and its adjustments are given on 
page 92 The Everest theodolite is now rarely encountered 



2 IjBuelling Screws 8 „ Tangent Screw 14 Viues 

3 Lower Clamp 9 Plate Levels 15 Wye Clips 

4 „ Tangent Screw 10 Vertical Arc 16 „ Pins 

6 Horizontal Circle 11 „ Vernier 17 Telescope Collars 

6 „ Vernier 12 „ Clamp 18 „ Level Tvbe 

Fig 75 — Wye Theodolite 

The Wye Theodolite. — The essential difference between this 
instrument (Fig. 75) and the transit is that the telescope is not 
directly mounted on the trunnion axis, but is supported on two 
U- or Y-shaped forks, called wyes. Although held by clips, the 
telescope is capable of rotation about its longitudinal axis, and, 
on opening the clips, it can be removed and placed end for end 
to reverse the line of sight. The collars which rest in the wyes 
must be truly cylindrical and equal, so that these movements of 
the telescope may not alter the direction of the axis. The stage 
carrying the wyes is attached to the trunnion axis, and carries a 
graduated semicircle for the measurement of vertical angles. Only 
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one vertical vernier is fitted, and that is attached directly to the 
horizontal vernier plate. 

The Everest Theodolite. — This instrument (Eig. 76) was at one 
time largely used in India. The trunnion axis of the telescope is 
placed low, and is supported on two short arms projected from a 
central pillar. In place of a vertical circle, two arcs, graduated up 



6. Horizontal Circle 12 Vernier Arm „ 18. Telescope 


Fia 76 . — Everest Theodolite 

to 50°, are fixed to the trunnion axis. For purposes of adjustment, 
reversal of the line of sight is effected by removing the telescope 
from the supports and turning it end for end. 


TEMPORARY ADJUSTMENTS OF THE THEODOLITE. 

The temporary adjustments are : 

(1) Setting over the station. 

(2) Levelling up. 

(3) Elimination of parallax. 

Setting Up. — ^This includes both centering of the instrument over 
the station by the plumb bob and its approximate levelling by 
manipulation of the tripod legs only. The accuracy of centering 
should depend upon the required precision of the observation^. 
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In the majority of ordinary small surveys refined centering is not 
required unless the sights are short. Centering is facilitated if the 
instrument has a shifting head, but, even without one, rapid setting 
up should present no difficulty if performed systematically. 

Notes. — (1) The legs of the tripod can be moved not only radially but 
also circumferentially or sideways. The first movement shifts the plumb bob, 
and tilts the instrument. The second causes a considerable change of inclina- 
tion without disturbing the plumb bob, and this movement is therefore 
effective in the approximate levelling of the instrument 

(2) First hold the instrument off the ground with the legs spread out and 
the plumb bob hanging approximately over the station On being lowered to 
the ground, it will not be seriously out of centre, and the exact centering 
and approximate levelling may be completed by small radial and tangential 
motions of two legs and the pushing of all three into the ground. 

(3) On a hillside, place one leg uphill 

(4) A heavy bob is preferable to a light one, especially when working in 
wind. In windy weather spread the legs well out, and push tliem firmly into 
the ground. 

(5) If chaimng is to bo conducted from the station, avoid setting a leg in 
the chain line 


Levelling Up. — The manner of levelling the instrument by the 
plate levels depends upon whether there arc three or four levelling 
screws. 


Four -Screw Head — (1) Turn the upper plate until one level 
tube is parallel to a pair of diagonally opposite screws The other 

tube will be parallel to the remaining 
pair. 

(2) By manipulating one pair of 
screws, as in Fig. 77, bring the bubble 
to the centre of its run in the tube 
to which they are parallel. In turning 
the screws, the thumbs move towards 
or away from each other, and the left 
thumb must be moved in the direction 
in which the bubble is required to 
travel 

(3) Level the other bubble tube with the remaining two screws, 
and then relevel the first tube if necessary. 



Fig. 77 — Manipulation of 
Levelling S chews. 


Notes. — (1) If there is only one plate level, it will be necessary to rotate 
the plate through 90° after step (2) to bring the level parallel to the second 
pair of screws. 

(2) If the instrument has been set up much out of level, jamming of a 
pair of screws may occur, and this may necessitate resetting the instrument. 
If one screw jams, turn the other only, or slacken the other pair. Do not force 
the screws. 

(3) Screws should be left bearing firmly upon the lower parallel plate so 
that there is no tendency to rock. To ensure that all screws are gripping, it 
is well to fimsh the workiug of a pair by tummg both clockwise for a small 
fraction of a turn. 
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Three-Screw Head. — (1) Turn the plate until one level tube is 
parallel to any pair of screws. The other tube will be parallel to the 
line joining the third screw and the point midway between the first 
pair. 

(2) Manipulate the pair of screws as before until the tube parallel 
to them is levelled. 

(3) Level the other tube with the remaining screw by using one 
hand only. 

Note — With the plate in the above position, both bubbles may be centered 
coincidently by turning one screw of the pair simultaneously with the third 
screw, the plate tilting about the second screw of the pair. 

Elimination of Parallax. — See page 25. 


ANGLE MEASUREMENT BY THEODOLITE 

To Measure a Horizontal Angle. — The temporary adjustments 
having been made, the usual procedure in measuring the horizontal 
angle subtended at the instrument by two signals is as follows : 

(1) With the upper and lower clamps slack, bring the index of 
one of the verniers approximately to the zero (commonly marked 
360°) of the circle Fix the vernier plate to the circle by the 
upper clamp, and, by turning the upper tangent screw, set the zero 
of the vernier exactly to 360° 

(2) The circle, verniers, and telescope can now revolve as one 
upon the outer axis Turn them by hand until the left-hand signal 
appears in the field of the telescope. Fix the outer axis by the 
lower clamp, and direct the line of sight exactly upon the signal by 
turning the lower tangent screw. 

(3) Release the upper clamp, and swing the telescope horizontally 
until the second object appears in the field Fix the upper clamp, 
and centre the intersection of the hairs on the signal by the upper 
tangent screw. 

(4) Read the angle on the vernier which was originally set at 360°. 

Notes. — (1) Instead of settmg the vernier imtially at the zero of the circle, 
it may be clamped in any position, and the reading noted. The required angle 
IS obtained by subtracting the initial from the final reading. If the 360° 
graduation lies between the two readings, subtract their difference from 360°. 

(2) By sighting the left object first, the line of sight has to be moved clock- 
wise, ^ e la the direction of graduation of the circle, and, if the vernier was 
first at zero, the final reading gives the required angle When the right-hand 
object IB taken first, the final reading must be subtracted from 360°. If the 
circle IS figured m both directions, it is equally convement to start from the 
right or the left point. Measuring an angle from left to right does not neces- 
sarily mvolve turning the telescope in that direction. The same final reading 
is obtained by wheeling the telescope in either direction. 

(3) To avoid improper use of the clamps and tangent screws, their functions 
should be clearly understood. The lower clamp and tangent screw are used 
only for the orientation of the circle, i.e. the setting and fixing of it in positiop 
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for the measurement Turning the wrong tangent screw necessarily intro- 
duces error. Thus, if the exact pomtmg to the first signal is effected by the 
upper tangent screw instead of the lower, the vernier is moved, and the 
measurement is made from the new position of its index instead of from the 
zero of the circle, as supposed. Erroneously using the lower tangent screw 
m the second pointing disturbs the necessary fixity of the circle during the 
measurement . 

(4) Sight as far down the poles or signals as practicable, to reduce errors 
due to their possible non-verticality The vertical circle clamp and tangent 
screw may be used to increase the delicacy of vertical movement of the line 
of Bight 

(6) The accuracy of the measurement may be greatly increased by a 
system of repeated observations designed to minimise the effects of instru- 
mental and other errors (see page 1 70). 

To Set Out a Horizontal Angle. — This operation is the converse of 
the above. Being given one point, it is required to locate the direc- 
tion in which a second should lie from the instrument so that a 
given angle is subtended between them. Let the given angle be a 
measured clockwise 

(1) Set the index of one of the verniers to 360° by the upper clamp 
and tangent screw. 

(2) Direct the line of sight to the given signal, fix the lower clamp, 
and bisect the signal exactly by using the lower tangent screw 

(3) Release the upper clamp, and turn the vernier to read a 
approximately. Fix the upper clamp, and obtain the exact reading 
by turning the upper tangent screw 

(4) The telescope now points in the required direction. Mark 
a point in the line of sight. 

Notes. — (1) If the angle has to be set out counter-clockwise, the second 
pointing must be obtained by setting the vernier to (.360° - a) 

(2) In guiding the staffman into the line of sight m step (4), it will be 
observed that, with the usual inverting eyepiece, it is necessary to order him 
to move apparently away from the Ime of sight. 


To Measure a Vertical Angle. — Vertical angles of elevation or 
depression are measured from the horizontal plane through the 
trunnion axis. This plane must be established by careful levelling 
up of the instrument by means of the level tube mounted either on 
the telescope or the vertical vernier arm. 

If the level tube is attached to the telescope, the procedure is as 
follows : 

(1) Having levelled the instrument by the plate levels, bring the 
zero of the vertical circle approximately to the index of one of the 
verniers by moving the telescope by hand. Apply the vertical 
circle clamp, and by means of the vertical circle tangent screw 
adjust the zero to exact coincidence with the vernier index. 

(2) The bubble of the telescope level should now be nearly, if 
not quite, central. Complete the levelling in two positions at right 
angles by means of the levelling screws. 

(3) Wheel the instrument through 180°. If the bubble deviates 



INSTRUMENTS— CONSTRUCTION AND ADJUSTMENT 81 


from the central position, bring it half-way back by means of the 
clip screw 26 (Fig. 53) and the remainder by the levelling screws. 
Repeat until the bubble remains central while the telescope is 
rotated horizontally. 

(4) Release the vertical circle clamp, and tilt the telescope to 
bring the image of the distant point approximately on to the 
horizontal hair. Clamp, and by means of the tangent screw adjust 
the horizontal hair exactly upon the point, and read the required 
angle on the circle 

If the altitude level is mounted on the index arm, the procedure 
is the same, except that it is unnecessary to set the vertical circle to 
zero. 

Notes — (1) It IS assumod ni tiie foregoing that the altitude level is in 
adjustment, and in the case where this level is mounted on the vernier arm 
it IS further supposed that index error has been eliminated These adjust- 
ments (page 90) have to be attended to before proceeding to measure vortical 
angles. 

(2) Some instruments do not possess the clip screw fitting whereby the 
telescope bubble may be levelled without altering the reading of the vertical 
circle In this case the levelling is jierformed by the vertical circle tangent 
screw, and note is made of the leading when the telescope is horizontal 
This index error must be applied positively or negatively to each reading 
obtained to give the rec^uiieil angles 


TESTING AND ADJUSTMENT OF THE THEODOLITE 

Requirements of the Theodolite. — Through impt^rfections in 
workmanship and the development of defects by continued use, 
the ideal requirements of a theodolite are only jjartially fulfilled, 
and its successful operation is very largely dependent upon a 
knowledge of the nature and relative importance of the effects 
produced by instrumental errors Provision is made for the 
elimination of the more serious errors by adjustment, while the 
influence of certain defects in the non-adjustable parts can be 
reduced or completely eliminated by adopting a particular routine 
in observing 

The more important requirements in the non-adjustable parts 
are ; 

1. The whole instrument should be stable, i.e. devoid of 
slackness. 

2. The inner and outer axes should have the same geometrical 
axis of rotation, viz the vertical axis of the instrument. 

3. All movements should be truly circular. 

4. The centre of graduation of the horizontal circle should lie 
in the vertical axis, and that of the vertical ciicle in the horizontal 
axis 

5. The zeros of the verniers should be diametrically opposite 
each other. 

6. The division of the circles should be accurate. 


P.G.S. I. — Q 
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7. The plane of the reading edge of the horizontal circle should 
be at right angles to the vertical axis, and that of the vertical circle 
at right angles to the horizontal axis. 

8. The resolving power of the telescope should be so related 
to the least count of the verniers or microscopes that a just discern- 
ible movement of a vernier or microscope produces a perceptible 
motion of the cross-hairs on a signal, and vict versa 

9. The resolving power should also be such that a perceptible 
change of position of any of the bubbles produces a visible move- 
ment of the line of sight. 

The following further conditions may be established by adjust- 
ment : 

1. When the plate level bubbles are in the centres of their runs, 
the vertical axis should be truly vertical. 

2. The line of sight should coincide with the optical axis of the 
telescope, and should be perpendicular to the horizontal axis 

3. The horizontal axis should be perpendicular to the vertical 
axis. 

4. The line of sight should be parallel to the axis of the telescope 
level. 

5. When the line of sight is horizontal, the vertical circle reading 
should be zero. 

Testing of Non-adjustable Parts. — L Stability increases in impor- 
tance with increase of sensitiveness in the various parts. Slackness 
may be present in the tripod (see page 43) and in various parts 
of the instrument, but particularly at the trunnion axis supports 

Test. — Mount the instrument on a rigid tripod, and sight a point 
with all clamps fixed. Apply a gentle, but firm, lateral pressure on 
the eyepiece with a finger. The intersection of the hairs will 
probably leave the point, but should return exactly to it on re- 
moval of the pressure. 

Elimination of Error. — The error can be eliminated only by 
repair, but its effect may be minimised by avoiding pressing unduly 
on any part. Clamps should be applied gently, and 
the tripod should not be touched unnecessarily. 

2. Incoincidence of the Inner and Outer Axes of Rotation 
may be of two kinds : (a) the axes may be parallel 
(Fig. 78a), this being one of the causes of eccentricity 
between the circle and vernier plates (4, infra) ; 
(6) the axes may be non-parallel (Fig. 786), and not 
only is there eccentricity, but, if one of the axes is 
made truly vertical by the plate bubbles, rotation 
about the other is oblique. For test and elimination 
of error, see Note 2, page 85. 

3. Circularity of the Movement^ is dependent upon the 
cross sections of the axes being circular. A simple test is not 
available. 



Flo. 78. 
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Elimination of Error — The effect of unequal wear of the a±es 
is reduced, and in certain cases completely eliminated, by reading 
both verniers. For horizontal angles, repetition of the measurement 
on different parts of the circle is an additional precaution. 

4. With Eccentricity of the Horizontal Circle, the line of sight and 
the verniers have an eccentric motion relatively to the graduations, 
and an angle read on either vernier is incorrect. In eccentricity of 
the vertical circle, the circle and line of sight have an eccentric 
motion with respect to the verniers, and the effect is the 
same. 


Test — Read both verniers in several positions on the circle, and 
note the differences between the readings If the difference remains 
constant, there is no eccentricity. 

Thus, in Fig 79, let A be the centre of graduation of the 
circle, and B that of the verniers, the distance AB being greatly 
exaggerated. When the line of sight 
occupies the position C^BJ), the vernier 
readings at E and F differ by 180°. On 
turning the line of sight through a into 
the position GBH, the verniers are actually 
moved through a to K and L, but they do 
not record a The reading at K is EAK, 
say (a— c), and that at L is (180°+FAL) 

= (180° + a + e), since AKB =ALB =c 
The readings therefore now differ by 
(180°+2e) 

Elimination of Error may evidently be 
completely effected by averaging the values of the angle given by 
each vernier. 



5. In Eccentricity of th3 Verniers, their zeros are not situated at 
the ends of the same diameter, but as K and L (Fig 79) The 
readings in any position therefore differ by a constant angle (KAL), 
other than 180°, provided B coincides with A. 

Test — Read both verniers in several positions on the circle, and 
note the differences between the readings A constant difference, 
other than 180°, indicates eccentricity of the vernier zeros. 

Elimination of Error — Error from this source can arise only 
in orienting by one vernier and reading the angle on the other. 
Measurements are given correctly by either vernier. By drawing 
a diagram similar to Fig. 79, it will be seen that reading both 
verniers eliminates errors due to eccentricity of the circle although 
the verniers are eccentric. 


6. Errors of Graduation of a circle can be analysed as (1) periodic 
errors, which recur at regular intervals according to some law, 
(2) accidental errors, which are quite irregular. Although a vital 
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matter, accuracy of division cannot readily be tested by the sur- 
veyor, but the refinement of modern dividing engines is such that 
the errors are unlikely to influence his results, particularly in 
vernier, as distinct from micrometer, instruments 

Elimination of Error . — The effect of graduation errors may be 
reduced to any required extent by repeating the measurement 
on various parts of the horizontal circle and averaging. For vertical 
angles, measurement by both verniers is the only available pre- 
caution in ordinary instruments 

7. Perpendicularity of the Planes of the Circles to their Respective Axes 

is a condition easily fulfilled by the maker within limits of error 
which will have no appreciable influence on observations If, 
for instance, the condition does not obtain in the case of the hori- 
zontal circle, then, when the vertical axis is placed truly vertical, 
the circle is oblique, and an observed horizontal angle is not 
measured on the horizontal plane , but the reading will differ 
inappreciably from the true value unless the obliquity is very 
serious. 

8 The Relationship between Resolution and Vernier Least Count should 
obtain for convenience in observing A magnification capable of 
showing movements of the line of sight too small to be recorded 
by the verniers entails loss of time in sighting, and has the further 
disadvantage of reducing the brilliancy of the image On the other 
hand, if the resolving power is too low, advantage cannot be taken 
of fine subdivision of the circles, and time is wasted in reading the 
vernier 

Test — Centre the hairs exactly on a well-defined distant point 
with all clamps fixed, and read the vernier Make as small a 
deviation of the line of sight as possible, and observe if the vernier 
reading has changed. Alternatively, move the vernier through its 
least count or a fraction of it, if discernible, and note whether the 
line of sight has moved perceptibly. 

9. Relationship between Resolution and Sensitiveness of Levels. — The 

level attached to the telescope or to the vertical vernier frame, 
being used in vertical measurements, should be capable of indicating 
the horizontal direction with as much accuracy as setting of the line 
of sight can be performed. 

Test is similar to the foregoing, a just perceptible movement of 
the bubble being made. 

The plate levels are less sensitive, but they should be able to 
pass the following : 

Test . — Sight a well-defined point with both bubbles central and 
all clamps fixed. By turning the levelling screws, throw the bubbles 
out of centre. On relevelling, the line of sight should be brought 
back to the point. 
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Adjustment of the Transit Theodolite 

In the examination and elimination of errors in the adjustable 
parts of the theodolite, considerable use is made of the principle 
of reversal (page 7). An important reversal is that produced 
by transiting the telescope and then turning it horizontally (termed 
“ wheeling ”) through 180°, so that, if the vertical circle is initially 
on the right-hand side of the telescope, it will lie to the left after 
reversal. These positions are distinguished as “ face right ” and 
“ face left,” the operation being termed “ changing face.” 

1. Adjustment of the Plate Levels. — Object. — To set the axes of 
the plate level tubes perpendicular to the vertical axis. 

Necessity — If this requirement is met, levelling the plate bubble 
tubes levels the horizontal circle and also the horizontal axis of the 
telescope, provided these are respectively perpendicular to the 
vertical axis Horizontality of the trunnion axis is an important 
requirement in all work involving vertical movement of the tele- 
scope, as in the measurement of the horizontal angle between points 
at considerably different elevations (see page 171). 

Test — 1 Set up the instrument on firm ground. Fix the lower 
clamp, and level the plate bubbles carefully 

2 Wheel the upper plate through 180°. If the bubbles remain 
central, the adjustment is correct. 

Adjustment — 1 . If not, bring the altitude level, attached to the 
telescope or the index arm, parallel to a pair of levelling screws. 
If this tube is mounted on the telescope, set it approximately level 
by hand, clamp the vertical circle, and complete the levelling by 
the vertical tangent screw or the levelling screws . if it is mounted 
on the vernier frame, use the levelling screws. Turn through 90°, 
and centre the bubble by the levelling screws. Repeat until the 
bubble is central m these two positions. 

2 Wheel through 180° ■ the bubble will leave the centre of its 
run Bring it half-way back by the levelling screws and the 
remainder by the vertical circle tangent screw or the clip screws. 
Repeat until the bubble remains central in any position. 

3 The vertical axis is now truly vertical. By means of the 
adjusting screws of the plate levels bring the bubble of each to 
the centre of its run. 

Notes — ( 1 ) Tlio long bubble is used merely to secure greater delicacy in 
setting the vertical axis truly vertical The adjustment is commonly per- 
formed by levelling the plate bubbles and correcting the error shown by 
reversal, half by their adjusting screws and half by the levelling screws. 

(2) On completion of the adjustment, the test may be repeated with the 
lower clamp slack and the upper fixed If the bubbles do not remain central 
on reversal, the outer axis of rotation is not vertical, and is not therefore 
parallel to the inner axis (Fig. 786). If the error is serious, the instrument 
should be sent for repair. 

(3) The adjustment is sometimes referred to as the setting of the plates 
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truly horizontal when the plate bubbles are central, but in reality this con- 
dition IS secured only if the plates are perpendicular to the vertical axis. If 
either plate is oblique, its diameter generates a cone about the vertical axis 
on being wheeled, and the bubbles remain throughout in the centres of their 
runs. The only method of testing the horizontality of a plate is by examining 
whether a level tube can bo reversed on it without deviation of the bubble, 
and this cannot be satisfactorily performed for the plane of the reading edge 
of a bevelled limb. Practically it may safely be assumed that the plates are 
horizontal when the axis has been set vertical, and that the plate levels are 
parallel to the plates. 

2 . Adjustment of the Line of Sight, or the Collimation Adjustment. 

— Ob^'ect — To make the line of sight eoincide with the optical axis 
of the telescope, t,e. to place the intersection of the hairs in that 
axis. This involves the adjustment of both the horizontal and the 
vertical hair If two inclined hairs take the place of a single vertical 
hair, their intersection is adjusted as for a vertical hair. 

Necessity. — Horizontal Hair : If, in an external focussing tele- 
scope, the horizontal hair does not intersect the optical axis, the 
direction of the line of sight will vary slightly with varying position 
of the objective due to focussing, the movement of the objective 
being assumed along the optical axis. In the case of an internal 
focussing telescope in which the horizontal hair is not in the axis, the 
tilting of the line of sight caused by movement of the internal lens 
is much less, and the necessity for the horizontal hair passing through 
the optical axis is correspondingly less urgent 

The requirement with respect to the horizontal hair is quite 
immaterial in horizontal measurements, but affects vertical measure- 
ments and levelling when focussing is necessary. 

Vertical Hair : If the maker has set the optical axis of the 
telescope perpendicular to the trunnion axis, adjustment of the 
vertical hair amounts to the placing of the line of sight perpen- 
dicular to the horizontal axis, and this constitutes the primary 
object of the test and ad'justment. If the focussing movement is not in 
the adjusted line of sight, this defect may be discovered by test, 
and can be eliminated in certain instruments It is likely to be 
inappreciable if focussing is effected by an internal lens. 

When the line of sight is perpendicular to the horizontal axis, 
rotation of the telescope about the latter must cause the line of 
sight to sweep out a plane, but if not, on transiting the telescope, 
the line of sight will generate a cone, the axis of which is the hori- 
zontal axis of the telescope This defect introduces error in the 
measurement of the horizontal angle between points at different 
elevations, and -is very important in work involving transiting of 
the telescope, as in the prolongation of a straight line through the 
instrument. It also occasions errors in setting out a straight lino 
from one end owing to the change of inclination of the telescope 
necessary to sight the several pegs. 

Horizontality and Verticality of Hairs. — Since the adjustment 
is to be made by means of the capstan screws controlling the 
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diaphragm, it may be desirable before proceeding to the teat proper 
to examine whether the hairs are respectively horizontal and 
vertical when the instrument is levelled up, as it is convenient to 
have them so. To test the horizontal hair, level the plate bubbles 
carefully, clamp the vertical motion, and sight a levelling staff or 
any definite point on one side of the field of view. Turn the tele- 
scope about the vertical axis, and observe whether the same point 
appears intersected by the other end of the horizontal hair. If not, 
slacken the four capstan screws, and rotate the diaphragm until the 
condition is secured. The hairs being fixed relatively to each other, 
the vertical hair should now appear truly vertical on comparing it 
with the image of a plumb line suspended in front of the instrument. 

In making the adjustment proper, the horizontal hair is examined 
first, as it is of less importance for ordinary work than the vertical 
hair. This part of the adjustment is usually omitted if the instru- 
ment has an internal focussing telescope. 

Horizontal Hair, — Teat. — 1. Set up and level the instrument care- 
fully With all the clamps fixed, take a reading on a levelling staff 
held upon a firm point a few 
hundred feet away (Fig. 80). 

Note the reading and the 
vertical angle. 

2. Unclamp, transit the 
telescope, and wheel through 
180°. Set the vertical circle 
to the same angle as before 

3. Again read the staff. If the previous reading is obtained, the 
adjustment is correct. 

Adjustment — 1. If not, move the diaphragm by the top and 
bottom capstans until the staff reading is the mean of those pre- 
viously obtained, 

2. Repeat until no error is discernible on changing face. 

Notes — ( 1 ) An alternative method of reversing the line of sight consists in 
placing the telescope in improvised wyes and rotating it through 180® about 
its longitudinal axis as in adjustment 2 of the wye theodolite (page 93). 

(2) Having completed the adjustment, a test may be performed to dis- 
cover whether there is droop of the slide in focussing. Proceed as before, but 
use short sights, so that the object glass must be well racked out. If the 
instrument does not now pass the test, the error must be due to droop, which 
in certain instruments can be corrected by adjusting screws bearing upon 
the slide. Generally, however, the defect can be remedied only by a maker. 

(3) To adjust the horizontal hair in an internal focussing telescope after a 
replacement, it is adequate for ordmary work to sight a stafE sufficiently near 
that it fills the field of view. The readings at the extreme top and bottom of the 
field are noted, and the horizontal hair is adjusted to intersect the mean readmg. 

(4) If, through the horizontal hair bemg out of position, the Ime of sight 
makes an angle e with the optical axis, as shown in an exaggerated manner in 
Fig. 80, it must not be thought that vertical angle measurements will be that 
amount in error. The altitude level will be adjusted so that its axis is parallel 
to the line of sight, and it is only the variation of e, due to the focussing move- 
ment, which constitutes the error. 



Fig 80 . 
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Vertical Hair. — Test — 1 Set the instrument on a fairly level 
stretch of ground and in such a position that a sight of about 300 ft. 
may be obtained on cither side Level up. 

2 Establish a point A at about 300 ft from the instrument by 
thrusting a chaining arrow into the ground, or otherwise Sight 
A, and clamp the horizontal movement. 

3. Transit, and mark B at about the same level as A and so 
that OB = OA approximately (Fig 81a) 

4. Unclamp, wheel through 180°, and again sight A and clamp. 

I 5. If, on again tran- 

90-e ’I 90-e siting, the line of sight 

A r jr To ^ ** , intersects B, it is per- 

" ^ ^ pendicular to the hori- 

zontal axis 

Adjustment . — 1 If 
not, mark C in the line 
of sight (Fig 816) 
Measure out from to- 
wards B a length CD 
= JCB, and mark D. 

2 By means of the 
diaphragm side capstans 
bring the vertical hair 
to D. 

3 Repeat until no 
error is perceptible on 

changing face (Fig 81c, in which B and C coincide at A') 


a 


I 

I 



Fig 81 


Note.^ — (1) Transiting of the telescope again constitutes the reversal, 
and, as this is performed twice, the apparent error BO is four times the real 
error 

(2) If the adjustment is out, the line of sight will not intersect the vertical 
axis, as assumed m Fig 81, but the small discrepancy is gradually eliminated 
in making the adjustment 

(3) Selecting A and B at the same level is a precaution against the possi- 
bility of adjustment 3 being out 

(4) By making the two sights of equal length the necessity for focussing 
IS eliminated, and the adjustment is made correct for an average length of 
sight. If, however, there is slackness or lateral deviation in the focussing 
movement, the instrument will exhibit collimation error for sights of different 
length from those of the test Examination should therefore be made for this 
defect by repeating the test as above, but with one of the sights very short. 
If the instrument no longer passes the test, the error lies in the focussing 
movement In some instruments an adjusting screw is threaded through 
the side of the telescope and bears on the focussing slide, so that the defect 
can be remedied. In instruments having interior focussing this error may be 
regarded as negligible. 

3. Adjustment of the Horizontal Axis. — Object . — To make the 
horizontal axis perpendicular to the vertical axis, so that it is 
truly horizontal when the instrument is levelled up. 

N^c^jfeity . — Adjustment 2 having secured that rotation of the 
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line of sight shall be in a plane, this adjustment ensures that such 
rotation shall lie in a vertical plane when the instrument is levelled. 
This condition is essential in all work necessitating motion of the 
telescope in altitude. 

Test — 1. Set the instrument in such a position that a highly 
inclined sight may be obtained to a well-defined point A, e g. the 
finial of a steeple Level up very carefully, and sight A. 

2 With both clamps fixed, depress the telescope, and mark a 
point B on the ground in the line of sight (Fig 82a) 


A C D A A 



Fig 82 . 

3. Unclamp, transit the telescope, and wheel through 180°. 
Sight on B, and, with the horizontal movements clamped, elevate 
the telescope If the line of sight again cuts A, the horizontal axis 
is truly horizontal, and is therefore perpendicular to the vertical 
axis 

Ad'justment — 1. If not, let the hairs appear at C, opposite A 
(Fig. 826). By means of the adjusting screw at the trunnion support 
on one standard bring the line of sight from C to D, estimated mid- 
way towards A 

2 Again perform the test, marking a new point B' on the ground, 
and repeat test and adjustment until no error is detected on chang- 
ing face (Fig 82c). 

Notes — (1) An alternative method after the change of face consists m re- 
sightmg A On depressing the telescope, an error will be evidenced if B 
18 not intersected The line of sight is brought half-way towards B by means 
of the adjusting screws. 

(2) The larger the angle between A and B the better , the instrument 
should therefore be placed as near the high object as possible. 

(3) Owing to the short length of the sights to B, that point should be 
marked carefully, a pencil mark or a pm being used. 

(4) Since m sighting B, after changing face, the horizontal axis will not he 
exactly in the same plane as it did for the first sight if the adjustment is out, 
the point D, in the same vertical plane as B, is not precisely midway between^ 
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A and G. The conditions are greatly exaggerated in the diagram, and the 
divergence is of no account since the adjustment must be effected gradually 
by repeated trial. 

(6) If a striding level is provided with the instrument, the horizontal axis 
may be adjusted by the method described in Vol II, Chap III. 

(6) Some makers omit means for adjusting the axis, on the ground that it 
will thereby better maintain its adjustment. Should such an instrument 
require adjustment, the axis should be removed from the standards and the 
higher pivot wiped with fine emery until, on replacing the axis, the test is 
passed. 

4. Adjustment of the Telescope Level. — Object — To place the axis 
of the level tube attached to the telescope parallel to the line of sight. 

Necessity . — ^This adjustment secures that the line of sight shall 
be horizontal when the bubble of the telescope level is central, and 
is of prime importance in the measurement of vertical angles and 
when the instrument is used as a level. 

Test and Adjustment — The procedure is exactly the same as in 
the “ two -peg ” adjustment of the dumpy level (page 116), the 
adjustment being made by means of the screws attaching the level 
tube to the telescope. 

Note — ^When the long level tube is mounted on the vertical index arm, 
its adjustment is performed along with that of index error as given below. 

5. Adjustment of the Vertical Index Frame. — Oh]ect — To make 
the vertical circle read zero when the line of sight is horizontal. 

Necessity — If, when the line of sight is horizontal, the vertical 
circle reading is not zero, such reading is called an index error. On 
eliminating index error from an instrument otherwise in adjust- 
ment, readings of the vertical circle will represent without correc- 
tion the values of observed vertical angles. No error of measure- 
ment need, however, be caused by the existence of index error if 
its amount is determined and applied as a positive or negative 
correction to the observed values of vertical angles. 

In certain instruments having no means for the elimination of 
index error, all that can be done in testing the instrument is to 
determine the value of the error. To do so, set the vertical axis 
truly vertical by the method given in adjustment I (page 85), using 
the vertical circle tangent screw for correcting half the movement 
of the bubble on reversal. The reading of the vertical circle is the 
required index error. 

If, as in the British transit, adjustment can be made between 
the vertical index frame and the standards, index error can be 
eliminated. The procedure depends upon whether the altitude 
level tube is mounted on the telescope or on the index frame, and 
to a greater extent upon the slow motion design adopted for the 
vertical vernier frame and the circle. In Fig. 53 the vertical circle 
tangent screw 29 and the clip screw ed are on the same side of the 
telescope, and, if the vertical circle clamp is applied, screw 26 
imparts a slow motion to the verniers, circle, and telescope without 
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altering the reading. In more recent designs, with the object nf 
securing a better balance, the vertical circle clamp and tangent screw 
are usually placed on one side of the telescope, and the clip screw 
fitting on the other, the tangent screw and clip screw operating on 
different vertical arms With this arrangement, movement of the 
clip screw moves the vernier along the circle and tilts the bubble 
tube attached to the vernier arm, but does not move the circle and 
telescope. 

For an instrument having the clip and tangent screws on one arm, 
as in Fig 53, the elimination of index error is performed as follows, 
considering first the case in which the altitude level is mounted on 
the telescope : 

1 By means of the vertical circle clamp and tangent screw set 
the vertical circle to read zero. 

2. Place the bubble of the telescope level tube central in two 
positions at right angles by means of the levelling screws. 

3 Wheel the telescope through 180°. If the bubble does not 
remain central, bring it half-way back by the levelling screws and 
half-way by the clip screw attaching the index frame to the standard, 
repeating until the bubble remains central in all positions. 

The instrument is now accurately levelled for vertical measure- 
ments without index error. 

If the altitude level tube is mounted on the index arm, the usual 
procedure is to combine the adjustment of the level with that of 
index error, so that the line of sight may be horizontal when the 
bubble is central and the vertical circle reading is zero 

Test — 1. Level the instrument by the plate levels, and by means 
of the vertical circle clamp and tangent screw set the vertical circle 
to read zero. 

2. Bring the bubble on the index arm exactly central by means 
of the clip screw at the standard Observe a levelling staff held 
200 or 300 ft. away, and note the reading 

3. Release the vertical circle clamp, transit the telescope, and 
again set the vertical circle to read zero. Wheel through 180°, 
relevel if necessary, and again read the staff held on the same 
point If the reading is unchanged, the adjustment is correct. 

Adjustment — 1 If the readings differ, bring the line of sight on 
to the mean reading by turning the clip screw. 

2 Return the bubble of the altitude level to the central position 
by means of the adjusting screws attaching it to the index arm. 

3. Repeat until no error is discovered in the test. 

Note — In the case of instruments m which the upper portion, consisting 
of the telescope, vertical circle, and index frame, is disengaged from the 
standards in packing, the elimination of index error partakes of the nature 
of a temporary adjustment since it requires attention on each occasion of 
assemblmg the instrument for vertical angle measurement. In any case, it is 
advisable to examine the instrument with reference to index error at least 
once a day. 
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Considering now the case of an instrument in which the clip and 
tangent screws operate on separate arms, the elimination of index 
error and the adjustment of the altitude level are performed as 
follows, whether the level is mounted on the vernier arm or the 
telescope. 

Test — As in the last case if the level is on the vernier arm, but 
if a telescope level only is fitted, set the bubble central by the level- 
ling screws. 

Adjustment. — 1. If the readings differ, bring the line of sight on to 
the mean reading by turning the vertical circle tangent screw. 

2. Return the vernier index to zero by means of the clip screw. 

3. Bring the bubble of the level central by means of the adjust- 
ing screws attaching it either to the vernier arm or the telescope. 

4. Repeat until no error is discovered in the test 

Notes. — (1) If the instrument is fitted with levels on both the vernier arm 
and the telescope, only one of them need be referred to in making the adjust- 
ment When one level is adjusted, and the bubble is placed central, it is only 
necessary to centre the bubble of the other by means of its adjusting screws 

(2) Instruments having the tangent screw and clip screw on opposite sides 
are usually packed as one piece, so that the clip screw fitting is used only for 
the purpose of adjustment It is provided with a lock nut, which must be 
released before the screw can bo operated In performing the adjustment, the 
lock nut should be applied before the bubble is finally centered 

Elimination of Residual Errors of Adjustment. — To obtain the 
best possible results in angle measurement, it must be recognised 
that the relationships which are aimed at in the various adjustments 
may not have been precisely established, and that errors may have 
developed since the adjustments were made. 

In horizontal angle work, only adjustments 1 and 3 and that 
part of 2 which is concerned with the vertical hair can have any 
bearing on the result If a horizontal angle is measured as the mean 
of two observations, one face right and one face left, the effects of 
errors of adjustments 2 and 3 are eliminated. Changing face does 
not, however, get rid of the error caused by the vertical axis not being 
truly vertical, and it is therefore advisable to test the adjustment of 
the plate levels frequently. 

In the measurement of vertical angles, adjustments 4 and 5 are of 
special importance, and residual errors of the others produce small 
effects Change of face eliminates the principal errors in this case, 
but not the others, which, however, are of little consequence in 
vertical angulation 

If, as in highly refined horizontal or vertical measurements, 
a number of observations is taken for averaging, it is always 
essential that as many measurements should be made face right as 
face left. 

Adjustment of the Wye Theodolite 

The special features of service in the testing and adjustment of 
this instrument are : (a) the telescope can be removed from the wyes 
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and replaced end for end ; (6) it can be rotated in the wyes about 
its longitudinal axis. 

1. Adjustment of the Plate Levels. — As for the transit theodolite. 

2. Adjustment of the Line of Sight. — Oh'ject — To make the line 
of sight coincide with the axis of the telescope collars. The con- 
struction of the telescope should be such that the axis of the collars 
which rest in the wyes coincides with the optical axis, and the wyes, 
which are rigidly connected to the horizontal axis, should be so 
placed with respect to it that the optical axis of the telescope is 
perpendicular to the horizontal axis 

Ne^cessity — As in adjustment 2 of the transit theodolite Further, 
rotation of the telescope in its supports causes an unadjusted line 
of sight to generate a cone, and, unless the telescope can be clipped 
in one position, small rotations are likely to occur in observing 

Test. — 1 Plant the instrument firmly, and carefully sight a 
definite small mark Fix all clamps. 

2. Rotate the telescope in the wyes through 180° If the inter- 
section of the hairs remains on the mark, the adjustment is correct. 

Adjustment — 1 If not, by means of the four screws controlling 
the diaphragm move the intersection of the hairs half-way towards 
the point 

2 Set the line of sight again on the mark by the tangent screws, 
and repeat the test and adjustment until correct. 

Notes. — (1) It IS unnecessary to level the instrument. 

(2) Unlike the same adjustment of the transit, both hairs are adjusted in 
tlie one operation The effect of the reversal is that illustrated ui Fig 80. 

(3) The adjustment has secured perpendicularity between the line of sight 
and the horizontal axis only if the optical axis and that of the collars are at 
right angles to the horizontal axis. If difficulty is experienced m effecting 
adjustment 3, there will be reason to suspect that those relations are not 
fulfilled, m winch case the correction cannot be undertaken by the surveyor. 

(4) Having performed the adjustment, a test for deviation of the object 
glass slide m focussing should be made by repeating the procedure with a new 
length of sight necessitating a considerable change of focus. 

3. Adjustment of the Horizontal Axis. — As in the transit theodo- 
lite, but in place of transiting the telescope in the test, it is removed 
from the wyes and replaced end for end. 

Notes. — (1) An alternative method is to sight a plumb line suspended in 
front of the instrument and observe whether the intersection of the hairs 
remains on the line while moving the telescope through as large an angle as 
possible about the horizontal axis. 

(2) In wye theodolites the horizontal axis is not readily removable from 
the standards, and few are provided with capstans for making this adjust- 
ment. The caps at the top of the standards must be unscrewed, and the high 
end of the axis reduced with emery. 

4. Adjustment of the Telescope Level. — The axis of the telescope 
level is placed parallel to the line of sight by the method of adjust- 
ment 2 {A and B) of the wye level (page 119). Alternatively, but 
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less conveniently, B may be performed by the peg method used for 
the transit and the dumpy level. 

5. Determination of Index Error. — The usual construction of the 
instrument does not enable the surveyor to eliminate index error, 
and its value must be determined by the method on page 90. 


THE COMPASS 


The compass is an instrument designed for the measurement of 
directions with reference to the magnetic meridian The essential 
parts are a magnetic needle, a graduated circle, and a line of sight. 
The various types may be classified as ■ 

1. The surveying compass, circumferentor, or miner’s dial 

2. The prismatic compass 

Instruments in the first category are commonly used in mine 
surveying, but for general surveying are now employed to a much 
smaller extent than formerly Some of these instruments are 
adapted for the measurement of horizontal and vertical angles, but 
they are inferior to the small theodolite 

The prismatic compass is a lighter and simpler instrument, and 
is of the greatest service to the engineer or surveyor for rajjid 
traversing 


Plain Compass. — Fig 83 illustrates a simple form of surveyor’s 
compass with plain sights The compass box, of about 5 in diameter, 





Fig 8?. — Plain Compass. 


has the circle graduated to 
degrees, and mounts an edge 
bar needle The sight vanes 
are screwed to a plate attached 
to the underside of the com- 
pass box, and are hinged to 
fold down upon a metal cover 
which protects the compass box 
when not m use. The sight 
vanes are sometimes adapted 
for measuring slopes by having 
the object vane engraved with 
a scale of tangents and the eye 
vane provided with a pin-hole 
sight. 

The compass is graduated 
either on the whole circle or the 
quadrantal system (page 160). 
The graduation increases coun- 
ter-clockwise, so that the 90° 
or E. mark is to the left, and 
270° or W. to the right, of 
zero or N., this reversal being 
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required because the graduated circle moves with the line of sight, 
while the needle remains stationary. On wheeling the line of 
sight from north towards east, for example, the increasing gradua- 
tions on the left of zero are successively brought opposite the 
north end of the needle. Some patterns are furnished with means 
whereby the graduated circle may be turned, independently of the 
line of sight, through an angle corresponding to the magnetic 
declination, so that the needle may record true bearings. 

The level tubes are sometimes omitted, and the instrument is 
levelled by adjusting it until the ends of the floating needle lie in 
the plane of the graduations Levelling is performed by means of 
a levelling screw head or, alternatively, by a ball and socket joint, 
as in Fig 83 

The instrument is mounted on a single rod, called a Jacob staff, 
or on a light tripod A form of tripod common in mining instru- 
ments has the legs jointed in the middle of their length For 



observations where headroom is limited, the lower sections are un- 
screwed, and points are screwed to the upper lengths to form a 
low tripod. The low tripod sometimes proves very convenient in 
surface work for sighting through woods by enabling the surveyor 
to keep his line of sight below the foliage. 
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Other Forms ol Compass. — The more elaborate forms of compass 
are better adapted for taking inclined sights. Usually both a tele- 
scope and vanes are provided, one or the other being used according 
to circumstances. These instruments can be employed in the manner 
of a theodolite for the measurement of horizontal and vertical 
angles. Although varying in detail, many of the patterns avail- 
able are modifications of the two type instruments, Lean’s dial and 
Medley’s dial. 

In Lean’s dial (Fig. 84), the compass base plate carries either 
folding vanes or a telescope and vertical arc, the same screws 7 
being used for the attachment of either By means of a pinion /, 
gearing with the toothed vertical arc, the telescope can be moved 
tangentially round the arc about a short horizontal axis or hinge 3 
The proportions are such that a vertical sight can be taken, as 
required in transferring a line down a shaft in mine surveying. 

The needle is of edge -bar form, and the bottom plate of the 
compass box is graduated counter-clockwise to degrees, usually 
on the quadrantal system On the step, at the same level as the 
upper edge of the needle, there is a circle 12, graduated clockwise 
on the whole circle system The compass plate 74 is provided 
with a toothed wheel in gear with a pinion 77 actuated by the 
milled head 18. With this arrangement, when the clamp pin 19 
is withdrawn, the base plate, with the outer portion of the compass 
box and the telescope, can be rotated about the fixed compass 
plate and 'graduated circle Th^ compass box carries a vernier 73, 

so that bearings and 
horizontal angles may 
be measured as with the 
theodolite Otherwise, 
with the pm 19 locking 
the compass plate to the 
base plate, the instru- 
ment is used as a plain 
compass, and bearings 
are read directly from 
the needle 

In Medley’s dial (Fig. 
85), the characteristic 
feature is the method 
of supporting the frame 
carrying the telescope 
Fig. 86. — Hedley’s Dial. or sight vanes It is 

mounted on two dia- 
metrically opposite pivots which project from the underside of 
the compass box 7, and about the horizontal axis so formed the 
line of sight may be moved in the vertical plane. At one side 
there is fitted a vertical arc, which moves with the line of sight 
and is read against a vernier, the arm of which is rigidly fixed 
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to the pivot. In other respects this instrument does not differ 
essentially from Lean’s dial. 

Testing and Adjustment of the Compass. — In addition to the 
properties which should he fulfilled by the needle (page 42), the 
following requirements of the compass can be established by 
adjustment . 

1 When the plate bubbles are in the centres of their runs, the 
vertical axis should be truly vertical 

2. Sight vanes should be vertical when the instrument is levelled. 

3 The telescopic line of sight should be perpendicular to the 
horizontal axis, which should itself be perpendicular to the vertical 
axis 

4 The extremities of the needle should lie in the same vertical 
plane with the pivot. 

5. The pivot point should be vertically over the centre of the 
graduated circle. 

1. Adjustment of the Plate Levels. — Object — To set the axes of 
the plate level tubes perpendicular to the vertical axis 

Necessity — Non-adjustment in this respect introduces error 
whenever the line of sight is moved in altitude Further, since 
the compass box and plate are placed by the maker perpendicular 
to the vertical axis, the adjustment practically ensures their hori- 
zontality when the bubbles of the plate levels are centered. 

T'est. — 1. Set up the instrument on firm ground, and level care- 
fully 

2. Wheel through 180°. If the bubbles remain central, the 
adjustment is correct. 

Adjustment. — 1. If not, correct half the errors by the level tube 
capstans and half by the levelling screws or ball and socket joint. 

2. Wheel through 180°, and, if necessary, repeat the adjustment 
until the bubbles remain central throughout a rotation. 

2. Adjustment of the Sight Vanes. — Object — To make the sight 
vanes vertical when the instrument is levelled 

Necessity. — The error caused by non- vertically of the vanes 
will generally be negligible so long as the slit and sighting line are 
in the same plane. Otherwise, the direction of the line of sight 
from a particular point on the eye vane will vary according to 
which point on the object vane is referred to in sighting. 

Test. — 1. Level the instrument carefully, and look through the 
sights at a plumb line or the corner of a building. Note whether 
the line on the object vane coincides with the vertical line observed. 

2. Wheel through 180°, and test the other vane in the same way. 

Adjustment. — If necessary, either file one side of the bottom of 
the vane where it rests on the plate or insert a paper packing. 
Repeat the test and adjustment until the error is eliminated. 

P.Q.S. I. — H 
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3. Adjustment ol the Telescope. — In compasses having a tele- 
scope, the line of sight must be perpendicular to the horizontal axis, 
which should be perpendicular to the vertical axis. The necessity 
for these is the same as in the theodolite (pages 86 and 88), and the 
method of testing and adjustment follows that of the transit or 
wye theodolite according to the manner in which the telescope is 
mounted. Usually no provision is made for adjusting the horizontal 
axis. 

4. Adjustment of the Needle. — Object. — To straighten the needle. 

Necessity. — A needle bent horizontally will not have the magnetic 
axis coincident with the geometrical axis, and in consequence the 
readings are in error by an amount which remains constant if the 
N. end only is read (c/ 5, page 83). If the reading ends are not in the 
same horizontal plane with the pivot point through vertical bending 
of the needle or faulty construction, they will be found to quiver 
when the needle swings, “and this proves inconvenient in reading. 
This .defect should be eliminated before proceeding to remedy 
horizontal bending. 

Test for Vertical Bending — Lower the needle on xhe pivot, and 
observe whether trembling of the needle is accompanied by rocking 
of its upper surface at the ends. 

Adjustment — If so, remove the needle, and bend it in a vertical 
direction until no rocking is noticeable on replacing it. 

Test for Horizontal Bending. — 1. Readt^oth ends of the needle 
in any position i 

2. Rotate the instrument until the gradu^ition originally opposite 
the N. end of the needle comes opposite therS end. 

3. If the reading at the N. end is now that originally at the S end, 
the needle is straight. If not, half the discrepancy represents the 
deviation from straightness 

Adjustment. — 1. Remove the needle, and bend the N. end hori- 
zontally through this angle in the direction which would carry 
it from the N. end reading after reversal towards the new position 
of the original S end reading. 

2. Repeat test and adjustment as often as necessary. 

Note. — The above method of testing for horizontal bending is designed to 
be independent of whether the pivot is in the centre of the graduated circle 
or not, and should therefore be applied in place of the more obvious method 
of noting whether the end readings difEer by 180 °. 

5. Adjustment of the Pivot. — Object. — To set the pivot point 
in the centre of the graduated circle. 

Necessity, — If the pivot is not central, the true reading will be 
obtained only when the needle happens to lie in the same 
vertical plane as the line joining the centre and the pivot (c/. 4, 
page 83). 
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Test . — Read both ends of the needle for various positions of the 
circle, and note whether the readings differ by a constant amount, 
which should be 180° when the needle is 
straight If so, the pivot is central. 

Adjustment. — 1. If the difference be- 1 I 
tween the readings is variable, ascertain I 

as nearly as possible the position of the ^li I 
needle at which the discrepancy is greatest . 1|H|I 

2. Remove the needle, and with a small hIH Off 

pair of pliers gently bend the pivot at 

right angles to this position of the needle 
and towards the greater segment of the 
circle formed by the needle H|i I 

3. Repeat test and adjustment until the 
end readings agree in all positions 
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Fig. 87. — Prismatic Compass. 


Fig 86 — Prismatic 
Compass. 


The Prismatic Compass. — 

This extremely useful instru- 
ment (Fig 86) is the most 
portable form of surveyor’s 
compass, and is specially 
designed for use as a hand 
instrument. The construc- 
tion IS illustrated in Fig. 87. 
The compass needle is of 
broad form, and carries an 
14 aluminium ring of from 2iin 
jf. to 6 in diameter, graduated 
to half degrees The special 
feature of the instrument 
lies in the construction of 
the eye vane, which carries 
a reflecting prism whereby a 
view of the compass ring is 
presented to an eye placed 
opposite the sighting slit. 
The observer, while sighting 
through the slit past the 
object vane wire or bar, sees 
the latter cutting the image 
at the required bearing, 
which is therefore read 
simultaneously with sighting 
(Fig. 88). The compass ring 
is graduated from the S. end 
of the needle because the 
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readings are taken at the end of the diameter remote from the 
object. The prism has both the horizontal and vertical faces 
convex, so that a magnified image of the graduation is formed, and 
focussing to suit different observers is effected 
by moving the prism vertically by means of 
the stud 14 . To reduce excessive oscillation 
of the compass ring caused by unsteadiness 
of the hand, a light spring 7, carrying a pin 5, 
is fitted inside the compass box. On gently 
pressing the pm inwards, the spring is made 
to touch the ring and act as a brake 

When the instrument is not in use, the object vane is folded down 
on the face of the glass cover, and presses against the pin 9 , which 
lifts the needle off the pivot The eye vane folds outwards, and is 
held by the hinged strap 76, and a metal lid is placed over the glass 
cover and object vane In an alternative arrangement, the brass 
cover IS a fixture, and is fitted with a window under the prism The 
standard military pattern has the cover lid designed to serve as the 
object vane. It is hinged, and is fitted with a glass disc on which 
is ruled a sighting line In what is called a liquid compass, the card 
dial carrying the graduations is floated in liquid with the object of 
reducing pivot friction 

Some accessory parts are usually added. The dark glasses 75, 
are so placed that they can be swung into the line of sight when 
sun observations are required The object vane is commonly pro- 
vided with a hinged mirror 6, by means of which points considerably 
above or below the instrument can be sighted by reflection. The 
mirror is hinged to a slide which can be placed upwards or down- 
wards on the vane, along which it may be moved as required. No 
provision is made for adjusting the vanes. 

Although commonly used as a hand instrument, the compass may 
be fitted with a screwed socket for attachment to a Jacob staff or 
light tripod with ball and socket head The facility thus afforded 
for levelling the instrument makes for increased accuracy, parti- 
cularly when the line of sight is considerably inclined to the hori- 
zontal. 

Observing with Prismatic Compass.— The instrument is held with 
the forefinger over the brake pin, and is turned until the distant 
signal appears in the line of sight Care must be exercised to hold 
it as nearly level as can be judged : if the ring does not oscillate, 
it is probably in contact with the glass cover through the instrument 
being out of level. A light touch is applied once or twice to the 
brake pin until the neeefle is nearly steady. The readings of the 
two limits of the swing are estimated to the nearest and their 
mean is taken as the result. 



Fig. 88. — Appear- 
ANOE ON Sighting 
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THE LEVEL 

The surveyor’s level is an instrument designed to furnish a hori- 
zontal line of sight. Neglecting for the present various forms of 
rough levelling instruments, the level consists essentially of a 
bubble tube attached to a telescope, the axis of the bubble tube and 
the line of sight being parallel to each other. The instrument is 
provided with levelling screws by which the bubble is centered and 
the line of sight brought into a horizontal plane. 

Tsrpes of Levels. — According to their general arrangement, levels 
may be classified as ■ (1) the dumpy or Gravatt level ; (2) the 
wye level ; (3) levels possessing features of both the dumpy and 
wye types , (4) the tilting level. The essential feature of the first 
is the rigid connection of the telescope to the vertical spindle. In 
the wye level the telescope is mounted as in the wye theodolite. 
The instruments in the third category are designed to combine the 
advantages of the solid construction of the dumpy with the ease of 
adjustment of the wye. The distinguishing feature of the tilting 
level is that the telescope and attached bubble tube may be levelled 
without the necessity for setting the rotation axis truly vertical. 

General Features. — The several patterns do not differ materially 
as regards the levelling head, which should be of the three-screw 
type in preference to one of four screws for the reasons stated on 
page 59. A quick levelling head (page 112) may be fitted. 

The special requirements of the telescope are good definition 
and illumination, and to promote the latter a positive eyepiece 
only should be used, and the effeetive aperture of the objective 
should be not less than If in The telescope is not limited in length 
as in the transit. Focussing is effected either by an internal lens 
or by movement of the tube mounting the eyepiece and diaphragm. 
In the former case the length of the telescope, and in the latter 
the focal length of the objective, serves to designate the size of the 
level, which varies from 7 in. to 16 in. in instruments for ordinary 
levelling. The reticule in the dumpy level is usually of the form 
shown at A (Fig. 18), but instruments with removable telescopes 
must have the line of sight defined by the intersection point of two 
hairs Stadia hairs are commonly inserted. 

The sensitiveness of the bubble tube should accord with the 
delicacy of the levelling screws and the resolving power of the 
telescope (page 84) In instruments for ordinary levelling the 
sensitiveness ranges from 15" to 25" per in. division. 

The Dumpy Level, Original Pattern. — The dumpy level, designed 
by Gravatt, is of the general construction illustrated in Fig. 89, 
which shows an obsolescent form of four-screw instrument. The 
telescope tube is firmly secured in two collars fixed by adjusting 
screws to the stage carried by the vertical spindle. The upper ends 
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of the collars support the bubble tube by a hinge at one end and a 
screw and locking nuts at the other to permit of the adjustment of 
the tube relatively to the line of sight. A circular spirit level, or, 
in its place, a short bubble tube at right angles to the long tube, is 
provided as an aid to planting the instrument approximately level. 
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16 Adjusting Screw 
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Fig 89 — Dumpy Level 


Other Types of Dumpy Level. — The modern form of dumpy level, 
usually termed the solid dumpy (Fig 90), has the vertical spindle 
and the telescope barrel cast in one piece. This design affords a 
maximum of rigidity, while the reduction in height adds to the 
stability of the instrument. In Messrs. Watts’ standard dumpy 



(Pig. 91), the instrument is of the solid type, but the level tube is 
mounted on the left-hand side of the telescope. Accessory features 
are internal focussing of the telescope, screw focussing of the eye 
piece, bubble reflector, and dust-proof levelling screws. 
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In a pattern of dumpy level formerly made by Messrs. Troughton 
and Simms (Fig. 92), the characteristic feature is the rigid attach- 
ment of the level tube to the body of the telescope without the usual 
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Fjg 91 — Watts’ Standard Dumpy Level. 


provision for adjustment Adjustment between the level tube 
axis and the line of sight must therefore be effected by movement 
of the latter 



Fig. 92. — Troughton and Simms’ Dumpy Level. 


Watts’ “Autoset” Level. — This interesting pattern of dumpy 
level (Pig. 93) was designed by Messrs Watts to afford a maximum 
of rapidity in operation. The novel feature is that the bubble need 
not be exactly central while an observation is being made. The 
instrument is levelled by a quick levelling head and handle with 
reference to a small circular level, and errors of levelling, of as much 
as 4 min., arc neutralised by displacement of the image of the staff 
relatively to the horizontal hair by the appropriate amount. This 
is accomplished by means of the device shown in Fig. 94. The 
prism carries a reference line on the horizontal face and marks for the 
avoidance of parallax error on its vertical face, and is mounted on 
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slide. By turning screw 5 (Fig 93) the prism can be placed over one 
end of the bubble, which is of constant length (page 34) A view 
of the end part of the bubble is presented to the observer, and the 
setting is effected when the prism line appears to touch the end of the 
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Fic; 93. — Watts’ “ Autoset ” Level 

bubble The slide mounting the prism also earries a wedge-shaped 
cam 7, which actuates lever 8 On the lever is mounted a parallel 
glass plate, through which pass the rays forming the image in the 
plane of the ruled surface of the diaphragm plate Tilting of the 



t Object Glass 7 Cam 

2 Internal Focussing Lens 8 Tilting Lever 

J Parallel Class Refractor 3 Adjusting Screw 

4 Diaphragm Plate 10 Spring maintaining Contact of 9 

5 Eyepiece // Section of Constant Level Tube 

6 Pnsm Index Marks 

Fig 94. 

lever caused by adjusting the reference line on to the end of the 
bubble tilts the parallel refracting plate, and produces a displacement 
of the image such that the staff graduation actually read against 
the horizontal hair is that which would be observed with the bubble 
accurately central. As shown in Fig. 94, the cam is mounted so that 
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it can be set to correspond with the sensitiveness of the particular 
level tube fitted. 

The Wye Level. — In this instrument (Fig. 95), the stage carries 
two wye supports in which the telescope is clipped. The body of the 
telescope is fitted with two cylindrical flanged collars of equal 
diameter, which rest in the wyes, and the telescope is capable of 
rotation about the axis of the collars. For purposes of adjustment, 
the telescope can be lifted from the wyes and replaced end for 



Fto 95. — WyT3 Level 


end A clamp and tangent screw are provided to facilitate pointing 
of the telescope In the example illustrated, the bubble tube is sus- 
pended from the telescope, but it may be fixed on top of the latter. 

In a pattern of wye level formerly made by Messrs Troughton and 
Simms (Fig 96), the bubble tube is mounted on the stage instead of 
on the telescope 



Fig 96 — Tbouqhton and Simms’ Wye Level. 
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Ck>mparative Merits of the Dumpy and Wye Levels.— The dumpy 
level was introduced because of the objections offered by surveyors 
to the defective performance of the wye level arising from its non- 
rigid construction ; and, by virtue of its superior solidity and com- 
pactness, the dumpy has established itself as the favourite level 
in this country. The wye instrument has an advantage in the 
rapidity and ease with which the adjustments can be tested, but 
the dumpy level retains its adjustments better. 


Cooke's Reversible Level. — This instrument (Fig 97) belongs to 
the class of levels combining features of both the dumpy and wye 



Fio. 97 — Cooke’s Reversible Level. 


instruments. The telescope is similar to that of the wye level, 
having two equal collars, one of which is formed with a stop 
flange 3. The telescope supports are connected by a rigid socket 
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into which the telescope can be introduced from either end and 
pushed home until the flange bears. The telescope can then be 
fixed in position by screw 4, and the instrument used as a dumpy 
level. To reverse the lino of sight in the course of testing and 
adjustment, screw 4 is slackened, and the telescope is withdrawn 
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from the socket and replaced end for end as with the wye level. 
The telescope can also be rotated within the socket about the axis 
of the collars. 

Cushing’s Level. — The telescope tube of this instrument (Fig. 98) 
is secured in collars as in the dumpy level, and is enlarged at the 
ends to form two exactly equal sockets, ground to receive either 
the objective cell or the eyepiece and diaphragm. Reversal of the 
line of sight is obtained by interchanging these parts. The end 
fittings are normally held in the sockets by bayonet notches and 
screws, but can be released and rotated in their sockets. To permit 
of interchanging the ends in the field, the reticule is formed of lines 
on glass 

The Charlton Level. — The bubble tube in this instrument (Fig. 99) 
is screwed on the stage which carries the telescope supports and 
which can be adjusted relatively to a lower stage fixed to the 



vertical spindle The telescope is secured to the collars by the clip 
screws 7, and, when these are slackened, it can be reversed end for 
end, or rotated as in the wye level 

The Tilting Level. — In both the dumpy and the wye level the line 
of sight is at right angles to the vertical axis if the instrument is 
in adjustment, so that levelling up of the instrument not only makes 
the line of sight a horizontal one, but also places the vertical axis 
truly vertical. In the tilting level the telescope with its attached 
level tube can be levelled by a finely pitched screw independently 
of the vertical axis, and, in consequence, the line of sight is not in 
general at right angles to the vertical axis. This t5^e of level was 
first designed for precise work, but it has grown greatly in popularity 
for ordinary levelling, and several patterns are available under 
different names. 
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In using these instruments, the axis is set only approximately 
vertical by the levelling screws, or simply by a quick levelling ball 
and socket head, with reference to a circular level. When a staff 
reading is about to be taken, the bubble in the main level tube is 
centered exactly by means of the fine levelling screw, which also 
tilts the telescope. It is necessary that the observer should have a 
view of the bubble while sighting the staff, and a bubble reflector 
is fitted The circumstance that the level tube axis is not generally 
at right angles to the vertical axis leads to the necessity for centering 
the bubble by the fine levelling screw before every observation. 

Tilting levels possess the merit that the use of a fine levelling 
screw facilitates the exact centering of the bubble at the moment of 
observation They also save time in the levelling of the instrument, 
since it is only roughly levelled by the foot screws, and the final 
levelling can be performed rapidly after a little practice This 
advantage is not so apparent in work involving numerous observa- 
tions from each instrument station With instruments having the 
line of sight and the bubble tube axis at right angles to the vertical 
axis, a series of intermediate sights may be obtained without the 
necessity for adjusting the levelling screws. 

The Reversible Tilting Level. — Although it does not constitute 
an essential feature of the tilting type of level, the great majority 
of these instruments have the telescope mounted so that it can be 
rotated about its longitudinal axis The bubble tube is connected 
to one side of the telescope, and a rotation of the latter through 
180° moves the bubble tube from, say, the left-hand to the right- 
hand side of the instrument, and turns it upside down The names, 
reversible level and self-adjusting level, are sometimes used to indi- 
cate the inclusion of this feature. A bubble tube capable of being 
used in the reversed position must be barrel -shaped, but, even 
although a longitudinal section shows the upper and lower walls to 
have the same curvature, it does not follow that the axes (page 31) 
of the tube in the direct and reversed positions will be parallel to 
each other. Nevertheless, the accuracy of the instrument can be 
tested from a single station, since a true staff reading can be obtained 
as the mean of four readings, obtained by rotating the telescope 
and bubble tube through 180° about the longitudinal axis, and also 
by reversing the telescope end for end. 

The ideal reversible level tube is one which in longitudinal section 
has perfect symmetry both about a horizontal centre line and about 
the vertical passing through the centres of curvature of the upper 
and lower surfaces These conditions are approached very nearly 
in certain makes of tube. A notable advance in the application of 
reversible level tubes, however, was made by Mr. T. F. Connolly,* 

♦ “ New Types of Levellmg Instruments using Keveisible Bubbles,” Trans. 
Optical Society f Vol. XXV, and “Theory of the Adjustment of Levels,” 
Journal of Scientific Instruments, Vol. I. 
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who has patented a type of level in which the bubble tube is so 
mounted as to be capable of adjustment to secure that it may be 
rotated about its longitudinal axis or an axis parallel to it without 
movement of the bubble along the tube Although the bubble tube 
may not be perfectly symmetrical, the reversal of the bubble without 
movement defines the position of two parallel axes, which can be 
recorded by calibration marks on the tube By means of such an 
adjusted bubble tube, the horizontality of the line of sight of the 
telescope may be tested by means of two observations, with the 
telescope in the direct and reversed positions respectively 


The Zeiss Level. — The instrument introduced by the firm of Zeiss 
is typical of reversible tilting levels Different patterns of the instru- 
ment are made ; those designed for ordinary levelling are considered 
here, the precise instrument being treated in VoL II, Chap. V 
Fig 100 shows an early pattern in sectional elevation Three 
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Fig. 100 — ^Zeiss Level. 


levelling screws and a circular spirit level are provided for the 
rough levelling of the instrument. The vertical axis is long and is 
of cylindrical form, the weight of the upper portion of the instru- 
ment being carried on the hard steel ball 7. The vertical axis is 
surrounded by a tubular axis 6, through the upper portion of 
which passes the horizontal axis 12, about which the telescope can be 
rotated through a small vertical angle. This motion is obtained 
by mounting the sleeve carrying the telescope on the top of a 
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casting P, pivoted at 12 This casting is in the form of a hollow 
cylinder with the periphery cut away on both the objective and 
eyepiece sides, and is shown dotted for the greater 
part of its length The final levelling of the 
instrument is effected by means of the screw IS 
and antagonising spring 74, which tilt the pivoted 
casting, telescope, and level tube about the hori- 
zontal axis. 

The level tube is ground to the appropriate 
curvature on both the upper and lower sides, and 
its metal case is cut away on top and bottom. 
The tube lies on one side of the telescope, and is 
mounted between two collars which are rigidly 
fixed to the telescope. An important feature of 
the instrument is the arrangement whereby a 
view of the bubble is 
presented to the ob- 
server. The bubble is 
illuminated by means of 
the mirror 75, and the 
ends of the bubble are 
reflected in an arrange- 
ment of prisms in the 
case 22 j from which the 
images are reflected at 
the prism 25 into the 
eye. The level tube is 
not graduated, but when 
the bubble is not quite 
central the appearance 
is as in a (Fig. 101). 

By manipulating the 
screw 75, the central 
position is attained 
when the halves of the 
two ends appear coin- 
cident as at 6. 




b 

Fig. 101 . 


For the purpose of 
testing the instrument, 
the level tube can be 


/ Tilting Screuj 
2 Horijontal Axis 
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may be swung over to 
the right-hand side. For 
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Fig. 102. — Zeiss Level II. 
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the same purpose, the line of sight may be reversed end for end in 
an unusual manner. The telescope, which has an internal focussing 
lens, is also fitted with a lens exactly the same as the objective, and 
placed in front of the eyepiece. Reversal is effected by removing 
the eyepiece and fixing it in front of the objective, the additional 
lens then acting as the objective. Prism 25 can be turned through 
180° to face the observer. 

Fig. 102 shows the most recent model. The principal difference 
from former patterns consists in the introduction of Mr. Con- 
nolly’s type of bubble tube. By means of two reference lines on the 
tube the bubble reading attachment can be set accurately to define 
the two parallel bubble tube axes. The correct setting of the prism 
case is secured when the images of the reference lines are seen 
to coincide. The testing of the 
instrument can be effected at a 
single station by taking two read- 
ings on a fixed staff, bubble tube 
left and right, the mean being the 
true reading. The necessity for Eleuabon 

detaching and replacing the eye- 
piece does not therefore arise, and 
an ordinary internal focussing 
telescope, in. long, is fitted. 

The accuracy with which the 
bubble can be centered is increased / Coincidence Pnsm 

in this pattern by adding a lens -2 Reader Pnsm 

to the prismatic reading system ^ Magnifier 

(Fig. 103) so that the bubble ends 1 ^ Bubble Ref fecied 

are seen with a two-fold magnifi- ^ Reference Marks 
cation. It is worthy of notice S’ig 103 — Bubble Reader. 
that the Zeiss prism reader enables 

the bubble to be centered with a high degree of accuracy. Tests 
have shown that with a tube having a sensitiveness of 16 to 
16 sec. per 2 mm. the bubble can be centered with a mean error 
of less than 0-5 sec. 

Other Forms of Tilting Level. — The patterns designed by different 
makers vary in detail. Commonly the fine levelling screw is placed 
vertically and operates directly upon the telescope barrel. It may 
be provided with a scale so that it is available for measuring or 
setting out gradients. In the Casella tilting level use is made of the 
Zeiss bubble reflector, but the image of the bubble ends is brought 
into the field of the telescope, the plane separating the halves of the 
bubble coinciding with that of the horizontal hair. A “ Constant 
level tube is employed in Watts’ self-adjusting level, and a view of 
one end of the bubble is presented by a prism when the tube is 
on the observer’s left, the other end being shown when it is on 
his right. 
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Accessories to Levels. — Quick Levelling Head. — This proves a 
very useful fitting for work in rough country, where it is often 
troublesome to set up the instrument approximately level Various 
forms differ in detail, but the majority are constructed as a ball 
and socket joint, with the addition of a clamping device (Fig. 90) 
The tripod having been planted, the clamp is released, and the 
instrument is turned on the ball until approximately level It is 
then clamped in that position, and the levelling is completed by 
means of the foot screws 

Compass — Some levels, particularly older patterns, have a 
circular compass mounted on the stage. In general the extra weight 
is not justified, as this compass is seldom used 

Bubble Reflector. — In the majority of old patterns of level no 
provision was made for presenting a view of the bubble to the 
observer at the eyepiece This is an essential feature of the tilting 
level, and it is now generally recognised as a very useful aid to 
accurate wwk with all kinds of level In its simplest form, the re- 
flector is simply a plane mirror, hinged as shown in Fig 91 

Clamp and Tangent Screw — These must be fitted to the vertical 
axis in levels with non-rigid telescopes and in instruments provided 
with points in the diaphragm instead of webs 

Ray Shade Clinometer — See page 123 

Levelling Staffs. — The levelling staff or rod, the reading of which 
gives the vertical distance between the instrument line of sight 
and the point on which the staff is erected, is a wooden rod, 10 to 
16 ft. in length Patterns may be classed as (a) Self-reading, 
(6) Target. In the former, the graduation is such as to enable the 
leveller to observe the reading at which his line of sight intersects 
the staff. The latter form is furnished with a sliding vane or target, 
the centre of which is moved into the line of sight by the staff man 
in response to signals The position of the target is then recorded 
by the staffman. 

The target rod is now very rarely used in Britain, but is still 
largely employed in America in ordinary levelling. 

Self-reading Staffs. — The greatest accuracy is achieved by means 
of a staff in one length, not exceeding about 10 ft., but progress is 
expedited by using longer staffs, which for convenience of trans- 
portation consist of two or three jointed pieces, in the following 
forms : 

(а) The Sopwith or telescopic staff, 

(б) The separate-piece or Scotch staff, 

(c) The hinged staff. 

The Sopwith Staff is illustrated in Fig. 104, which shows a 14-ft. 
staff consisting of two hollow slides and a solid top piece. When 
extended, the lengths are held by brass spring catches. 
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The Scotch Staff (Fig. 105) is formed of three separate lengths, 
which are fitted together by means of brass socketed joints and set- 
screws. It is commonly graduated on both front and 
back faces, which are hollowed to protect the marking 
from abrasion This staff, although solid, is usually 
lighter than the last because of its smaller section 
The Hinged Staff is usually 
10 ft long, and folds to 5 ft with 
the graduations inward When 
open, it is kept straight by a 
strong hook across the hinge 

Relative Merits of Different 
Forms. — The Sopwith staff has 
to be carefully made so that the 
telescopic work will fit properly 
and not exhibit shakmess when 
extended Trouble is often ex- 
perienced in drawing out the 
slides when swollen with rain 
An objection sometimes urged is 
that the top jnece has only about 
half the breadth of the lowest 
piece, and, unless specially gradu- 
ated, proves more troublesome to 
read at a distance It is, how'^- 
ever, the most commonly used 
form in this country, but is also 
the most expensive 
y OP WITH Htaff The Scotch staff may have the Scotch Staff. 

breadth maintained constant to 

the top, but some makers give a small taper The smallness of 
the base coinjiared with that of the Sopwith type is favourable to 
accurate holding An objection lies in the possibility of a careless 
staff man losing a set-screw or, when the staff is not fully extended, 
leaving the top piece behind. 

The hinged staff is less used because of its shorter length and its 
liability to develop shakiness 

Graduation. — The advantages of a decimal over a duodecimal 
subdivision of the foot are recognised in levelling, and staffs are 
graduated accordingly. The smallest division ranges from -01 to 
■10 ft By means of the former, readings for special work can 
be observed to -005 ft. with short sights, but at long range close 
division is confusing. Numerous patterns have been proposed in 
which -01 ft graduations are accompanied by bold marking of the 
tenths for facility of observation at long distances. Equally good 
results are obtained with a division to -05 ft., the position of the hair 



Fig 105. 



Fig 104. 
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being read by estimation to -01 ft., or even 005 ft , and this gradua- 
tion remains clear at considerable distances. 

Typical graduation patterns will be found illustrated in makers’ 
catalogues. Before using a particular pattern for the first time, it 
should be carefully examined, and the significance of the markings 
understood. 

Target Staffs. — Details differ in the several t5rpes of these. Fig 106 
shows a 2-ply New York pattern rod, 6-8 ft. long when closed, but 
extending to 12 ft. The graduation is carried to 01 ft., 
and the target is provided with a vernier whereby its 
position can be read to *001 ft In this example, if the 
reading does not exceed 6-5 ft., the staffman slides the 
target along the rod until signalled that its centre is in 
the line of sight, clamps it, and reads the vernier If, 
however, the reading exceeds that amount, the target is 
clamped at 6-5 ft , and the upper part of the rod, carrying 
the target, is slid upwards until the target is bisected by 
the line of sight The reading is then obtained on a 
vernier at the back of the rod 

Some forms (notably the Philadelphia rod) have suffi- 
ciently bold graduation that they can also be used as 
self -reading rods The pattern illustrated can be so used 
only for short sights. 

Relative Merits of Self-reading and Target Staffs. — A 

comparison is greatly in favour of the self -reading form, 
which has a decided advantage in the rapidity with which 
observations may be taken The process of adjusting a 
target is tedious, and the time occupied in setting and 
reading largely depends upon the capability of the staff- 
man. Again, in using a self -reading rod, the responsibility 
for correct reading lies with the leveller, as it should do, 
and the staffman can concentrate his attention on holding 
the staff plumb. The duties of a target staffman are nearly 
as important as those of the leveller, and demand the 
services of a trained man. 

The fineness of reading is greater 
in the target rod than in the self- 
reading, but the refinement is usually 
more apparent than real, as it largely 
Fig 106 depends upon the accuracy with 
Tabget which the bisection of the target by 
Staff, the line of sight can be estimated. 

The ultimate degree of accuracy 
attained is not materially different in the 
two type^. 

Reading the Staff. — ^The graduation of the staff being understood, 
the only difficulty experienced by the beginner in observing a 
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self -reading staff is due to its appearing inverted, as this necessitates 
reckoning downwards. Thus, in Fig 107, the reading is 5-64. 

Notes. — (1) When the staff is sighted at a short distance, it may happen that 
no foot graduations appear in the field of view. In such a case the staffman 
should be instructed to raise the staff slowly. The figure which appears at 
the top of the field represents the whole feet to be booked. This trouble is 
avoided if the staff exhibits the value of each foot at intermediate points on it. 

(2) Readings may be taken against any part of the horizontal hair of a 
dumpy level, but it is safest to point the telescope so that the staff appears 
midway between the vertical hairs In the wye level, however, the perpen- 
dicular cross-hairs may he in any direction from their intersection, and obser- 
vations can be made only with respect to the intersection 

Temporary Adjustments of the Level. — These are : 

(1) Levelling up 

(2) Elimination of parallax (see page 25). 

The procedure in levelling up is similar to that for the theodolite 
(page 78) With a four-screw head, the bubble tube must be brought 
over each pair of diagonally opposite foot screws alternately. 
With three screws, it should be placed parallel to two of them and 
levelled by that pair The telescope is then wheeled through 90°, 
and the bubble is adjusted by the third screw. The levelling is 
completed by successive trials with the telescope in its alternate 
positions at right angles to each other 

Note — To save time, set up the instrument as nearly level as can be judged 
before proceeding to use the levellmg .screws A circular spirit level or cross 
bubble tube greatly facilitates the preliminary levelling At the first manipu- 
lation of the screws do not be over particular with the centering of the bubble, 
but perfect it gradually at the successive wheelings of the telescope through 90“. 


TESTING AND ADJUSTMENT OF THE LEVEL 

In the examination of the level with reference to the quality 
of the non-adjust able parts, the important requirements are 
stability and a proper relationship between the sensitiveness of the 
level tube and the resolving power of the telescope. The tests 
are the same as for the theodolite (pages 82 and 84). 

The number and nature of the adjustments of the level, the order 
in which they should be made, and the routine to be followed 
depend upon the t 3 rpe of instrument It will suffice to describe 
here the procedure in the case of the commonest patterns of dumpy, 
wye, and tilting levels. This will serve as a sufficient guide to the 
methods to be followed for modified types of the standard instru- 
ments, the adjustments of which are usually published by the 
makers. 

In instruments having a fixed telescope fitted with four adjusting 
screws at the diaphragm, the horizontality of the horizontal hair 
may be tested and, if necessary, adjusted, as on page 86, before 
proceeding to the other adjustments. 
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Adjustment of the Dumpy Level 

The requirements of the dumpy level which can be established 
by adjustment are . 

1. The line of sight of the telescope should be parallel to the 
bubble tube axis. 

2. The bubble tube axis should be perpendicular to the vertical 
axis. 

The first of these is very much more important than the second, 
and, in adjusting an instrument, the latter should be attended to 
first. This order is essential in the case of instruments of the solid 
typo (Figs. 90 and 91). 

It is frequently regarded as essential that the line of sight should 
coincide with the optical axis of the telescope, but it may be shown* 
that this condition is not essential to accurate work provided the 
objective does not move in focussing 

1. Adjustment of Perpendicularity between Vertical Axis and 
Level Tube Asis. — Object , — To ensure that, once levelled up, the 
bubble will remain central for all directions of pointing of the 
telescope. This will occur when the vertical axis is truly vertical. 

Necessity, — This adjustment is made merely for convenience in 
using the level. Assuming that the instrument is otherwise correct, 
the essential requirement for accurate observation is that the bubble 
should be central at the instant of sighting. If the adjustment is 
out, so that the bubble moves towards one end on wheeling the 
telescope to point towards the staff, it must be brought back to its 
central position by the levelling screws Any change in the elevation 
of the line of sight thus produced is negligible. 

Test — 1. Set up the instrument on firm ground, and level care- 
fully in two positions at right angles to each other in the usual 
manner. 

2. Wheel the telescope through 180°. If the bubble remains 
central, the adjustment is correct 

Adjustment. — ^1 If not, bring the bubble half-way back by the 
adjusting screws 2, connecting the bubble tube to the telescope in 
the case of the solid dumpy (Figs 90 and 91 ), or by the screws 7/, 12 
in the case of the stage type (Fig 89) 

2. Level up, and repeat the test and adjustment until correct. 

2 . Adjustment of the Line of Sight, or the Collimation Adjustment. 

— Object. — To place the line of sight and the bubble tube axis 
parallel. 

Necessity. — If this condition obtains, the line of sight is horizontal 
when the bubble is in the centre of its run. Since the whole function 
of a level is to furnish a horizontal line of sight, this requirement 
is of prime importance, and merits frequent examination. 

♦ See Kankme, Ciml Engineering, Chap. IV. 
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Test. — 1. Peg two points, A and B (Fig. 108), 300 to 400 ft. apart, 
on fairly level ground. Set the level between them at C, so that 
the eyepiece will almost touch the face of a levelling staff held on A. 

2. Level up carefully, and note the reading 6 of a staff held on 
B : then, by looking through the object glass, observe the reading 
a of the staff on A. 

3 Transfer the instrument to D near B, level up, and read the 
staff on both pegs as before, obtaining the readings c and d. If 



the difference of level between A and B, as deduced from readings 
a and h, equals that given by c and d, the result is their true differ- 
ence of level, and the adjustment must be correct, since such 
equality could be secured only by a horizontal line of sight 

Adjustment — 1. If not, compute the true difference of level 
between A and B. This is given by the mean of the two erroneous 
differences, for if Z) be the true difference of level, and e the error 
introduced in reading the far staff, then, for the case illustrated, 


h—a = D+e, 
and c—d = D—e, 


whence D = 


(h—a)-\-(c—d) 

2 


2. By applying D to the reading c, compute d\ the reading on 
A at the same level as c. The instrument being still at D, turn the 
top and bottom diaphragm adjusting screws 6 (Figs. 90 and 91) 
until the line of sight is directed to d\ taking care that the bubble is 
in the centre of its run. The line of sight is now horizontal. In the 
case of the stage dumpy (Fig 89) it is more convenient to direct 
the line of sight to d' by turning the levelling screws. The bubble is 
then returned to the centre of its run by means of the adjusting 
screws 16 connecting the level tube to the telescope, but in this 
method the present adjustment must be the first made. 


Notes — ( 1 ) It IB presumed that altering the line of sight to read d/ instead 
of d will not appreciably affect the readmg c. It is unlikely that the adjust- 
ment Will be BO much in error that change in c could be observed, but, if so, 
the error is made negligible by repeating the adjustment. 

(2) If A and B are nearly at the same level, the results of the observations 
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from C and D may show a difference of sign, i e. one may indicate a rise, and 
the other a fall, from one peg to the other The true difference of level is always 
half the algebraic sura of the two erroneous differences, and therefore has the 
sign of the greater difference. 

(3) The method given is designed to eliminate possible error in focussing 
due to droop of the slide carrying the diaphragm and eyepiece in the case of 
an external focussing telescope The hairs are not visible on looking through 
the object glass, but the reading can be estimated with considerable precision. 

(4) On completion of the adjustment, a test may be made for droop by 
removing the instrument a little farther from B so that the staff on B may 
be read m the ordinary manner although the sight is short If the difference 
between the readings is not now the correct difference of level between A 
and B, the error must be occasioned by the change of focus required The 
defect may be remedied in certain instruments by means of screws passing 
through the outer tube and bearing upon the slide, but more commonly 
these are omitted, m which case the correction is best undertaken by the 
maker. 

Alternative Method. — The possible effect of droop is neglected 
in the following very commonly used method, which is entirely 
suitable for the case of internal focussing instruments. 

Test — 1. Drive two pegs, A and B, as before Set up the instru- 
ment at C, exactly midway between them (Fig 109), level up 



carefully, and read a staff dn A and on B. The difference of the 
readings a and b is the true difference of level, since the error affects 
both readings in the same way and to the same extent. 

2. Set the instrument near one of the pegs, and preferably beyond 
it, as at D, level up, and note the readings c and d of the staff on 
the pegs. If the difference between c and d equals the true difference 
of level, the adjustment is correct. 

Adjustment — 1 If not, by applying the true difference of level 
to the reading c, deduce d', the reading of A which would be 
observed by a horizontal sight from D, and by means of the dia- 
phragm adjusting screws 6 (Figs 90 and 91) direct the line of sight 
to d', taking care that the bubble is central. In the case of the stage 
dumpy (Fig 89), use the levelling screws for setting the line of sight 
on d', and bring the bubble central by the adjusting screws 16, as 
before. 

Notes. — (1) It IB quite possible in this case that the reading c will be per- 
ceptibly changed m the course of the adjustment owing to the greater distance 
between B and D. The adjustment should therefore be perfected gradually 
by repeating the observations from D once or twice 

(2) Wheeling of the telescope, with the bubble maintained in the centre of 
its run, causes an unadjusted line of sight to generate a cone, the axis of which 
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IS the vertical axis of rotation. The true difference of level between two points 
may therefore always be obtained by placing the instrument equidistant 
from them. This constitutes one of the most important precautions m 
levelling practice. 

Adjustment of the Wye Level 

While the ultimate aim in adjusting the wye level is the fulfil- 
ment of the two geometrical relationships given for the dumpy level, 
the arrangement of the wye instrument alters the procedure, and 
three adjustments are required. The relationships to be established 
are : 

1 The line of sight should coincide with the axis of the telescope 
collars, the latter axis being, in a well-made instrument, coincident 
with the optical axis 

2. The line of sight should be parallel to the bubble tube axis 

3. The bubble tube axis should be perpendicular to the vertical 
axis. 

1. Adjustment of the Line of Sight. — Oh]ect — To make the line of 
sight coincide with the axis of the telescope collars. 

Necessity — The fulfilment of this condition is highly important ; 
otherwise, unless the telescope can be clipped in one position, 
rotation about its axis would cause the line of sight to generate a 
cone, and the fundamental requirement of parallelism between the 
bubble axis and the line of sight would obtain only for a particular 
position of the telescope in the wyes. 

Test and Adjustment, — As in adjustment 2 of the wye theo 
dolite (page 93), 

2. Adjustment of the Level Tube. — Object. — To make the level 
tube axis parallel to the line of sight The manner in which the 
telescope is mounted renders it necessary to effect this adjustment 
in two steps : A, to bring the bubble tube axis into the same plane 
as the line of sight ; and B, to place them parallel. 

Necessity — As for the dumpy level. 

A. — Test . — 1. Level up carefully 

2 Rotate the telescope in the wyes through a small angle. If 
the bubble remains central, the adjustment is correct. 

Adjustment. — 1. If not, bring the bubble central by the adjusting 
screw 8 (Fig 95) controlling the level tube laterally. 

2. Repeat the test and, if necessary, the adjustment. 

Note . — No reversal being performed in the test, the apparent error is the 
actual error. 

B. — Test. — 1. Set the telescope parallel to two levelling screws, 
open the wyes, and level up carefully. 

. 2. Lift the telescope gently from the wyes, and replace it end for 
end. If the bubble remains central in the reversed position, the 
adjustment is correct. 
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Adjustment — 1. If not, move the bubble half-way towards the 
centre by the screw 7 (Fig. 95) at one end of the tube 

2. Repeat test and adjustment until correct. 

Notes — (1) Since the reversal is made with respect to the wyes, the adjust- 
ment really secures parallelism between the level tube axis and the line 
joining the bottoms of the wyes If, however, the telescope collars are exactly 
similar, and adjustment 1 is correct, the bubble tube axis will have been placed 
parallel to the line of sight The error arising from inequality of the collars 
will probably be negligible for ordinary levelling 

(2) The two-peg method used in the same adjustment of the dumpy level 
may be adopted for step B Although less convenient, it has the merit of being 
unaffected by collar inequality 

3. Adjustment of Perpendicularity between Vertical Axis and 
Level Tube Axis. — As for the stage dumpy level, adjustment 1 (page 
116). 

Adjustment of the Tilting Level 

In the adjustment of the tilting level it is only necessary to secure 
that the line of sight is horizontal when the bubble is centered In 
tilting levels of the non-reversible type, the test is performed as for 
a dumpy level by the method of page 118 (Fig 109) If it is found 
that the difference of the staff readings observed from D does not 
represent the true difference of level of A and B, the reading d' is 
computed as before, and the line of sight is directed upon d' by 
means of the tilting screw, the bubble being ignored The adjust- 
ment is effected by returning the bubble to the centre of its run by 
means of the bubble tube adjusting screws 

Instruments of the reversible type possess the advantage that the 
test can be rapidly performed from one position of the instrument, 
as follows 

Test . — 1 With the level tube, say, on the left-hand side of the 
telescope, sight a staff held upon a firm point Centre the bubble 
accurately, and note the reading 

2. Rotate the telescope about its longitudinal axis through 180°, 
so that the level tube is brought to the other side, and again read the 
staff. If the readings agree, and the bubble tube is of the typo having 
its upper and lower axes parallel, the line of sight must be horizontal, 
and the adjustment is correct. 

Adjustment. — 1. If not, direct the line of sight towards the mean 
reading by operating the tilting screw. 

2 In the case of an instrument having a simple bubble reflector, 
centre the bubble by means of the adjusting screw connecting the 
bubble tube to one of its supports. If a Zeiss prismatic reader is 
fitted, adjust by moving the prism ease longitudinally until apparent 
coincidence of the bubble ends is obtained. In the instrument 
shown in Fig 100, screw 23 is provided for this purpose, and screws 
21 are available if the error is more than can be eliminated by 
adjustment of the prism case. 

3. Repeat the test and adjustment until no error is shown on 
reversal. 
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HAND LEVELS AND CLINOMETERS 

These levelling instruments are designed with a view to lightness 
and compactness rather than a high degree of precision, since the 
absence of a steady support does not allow of the employment 
of a sensitive bubble tube. They are convenient for rapid work, 
especially where serious error cannot be accumulated, as in cross 
sectioning The clinometer is simply a hand level adapted for 
measuring vertical angles, and, as it can be employed as a hand 
level, is the more useful instrument 


The Hand Level. — ^The hand level (Fig. 110) consists of a tube, 
about 4 in. long, circular or square in section, and having a small 

bubble tube mounted on top. A 
0 |' ” ^ sight parallel to the axis 

f ^ ‘ rfW bubble tube is defined by 

ISQ I ^ ^ 

Fig 110 -Hand Level ^ cross bar, or one edge of 

a rectangular opening, at the 
other To afford the observer a view of the bubble to enable him 
to hold the instrument level, the metal body is cut away under the 
level tube, and a reflecting surface is inserted in the tube at 45° 
to its axis. This reflector extends half-way across the tube, and 
distant objects can be viewed through the other half When the 
centre of the bubble appears opposite the cross-bar sight, or lies 
on a line ruled on the reflector, the instrument is being held level, 
and all points intersected by the line of sight are at the same level 
as the eye Telescopic forms of the instrument are also available 
If provision is made for adjust- 
ment of the bubble tube relatively 
to the line of sight, the test is II Mi 

carried out by the two -peg method 
as for the dumpy level 

The Burel Hand Level. — This W) 

form of hand level is based on the ///^ 

fact that a ray of light which is 
reflected back from a vertical 
mirror along the path of incidence 
must be horizontal The instru- 
raent (Fig 111) consists of a glass 

mirror, the frame of which is - 4 Plain Glass. 

suspended in gimbals so that the ^ ^ ^'5 Pm filed for 

mirror hangs vertically The mirror ^ adjustment of 

extends half-way across the frame. Mirror to Vertical 

and the other half is plain glass, m Hand Level. 

the edge of the mirror forming a 

vertical or, in some patterns, a horizontal line. To use the instru- 
ment, it is suspended from the thumb and held at arm’s length in 
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such a position that the observer sees the reflected image of his 
eye at the edge of the mirror. Distant objects appearing through 
the plain glass opposite this image are at the same level as the 
observer’s eye The instrument proves very rapid in practice, but 
is unsatisfactory in windy weather. 

The Abney Oinometer.— This instrument (Fig. 112), usually 
known as the Abney level, is deservedly the most popular instru- 
ment of its class, and is simply the hand level of Fig. 110 adapted for 
measuring vertical angles. The bubble tube is pivoted, and carries 



an index arm perpendicular to its axis Rotation of the milled wheel 
moves the index over a graduated arc attached to the sighting tube, 
and, when the bubble is centered, the reading on the arc represents 
the inclination of the line of sight above or below the horizontal. A 
small clamp is sometimes fitted to the index arm, and is useful for 
fixing the index to zero, so that the clinometer can be used as a hand 
level. The instrument is also made in a telescopic form 

In using the Abney, the line of sight is directed towards the object, 
and the milled wheel is turned until the reflected image of the bubble 
appears in the plane of sight. The required angle is then read on the 
arc. To test and adjust the instrument, the index is set to zero, 
and the two-peg method is applied. Alternatively, two points 
at diflPerent elevations are selected, and the vertical angle between 
them is observed from both. The angle of elevation observed 
from the lower station should equal the angle of depression taken 
at the upper. If these differ, their mean is the correct value of the 
inclination, and the instrument is made to record this by means of 
the adjusting screws controlling the level tube. 

The De Lisle Clinometer. — ^This instrument is a modified Burel 
level in which the mirror can be inclined to the vertical by means 
of a weighted arm. The inclination to the horizontal of the line 
from the eye to the point at which it appears in the mirror equals 
the inclination of the mirror to the vertical. To measure a vertical 
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angle, the mirror is tilted until the image of the eye appears opposite 
the signal, and the angle is read by the position of the arm on a 
graduated arc. 


The Ray Shade Clinometer. — The ray shade of the level has been 
neatly adapted for rough levelling and clinometric observations 
at right angles to the telescopic axis. The shade is provided with 
two narrow slits (Fig. 90) diametrically opposite each other. The 
centre line of one coincides with the zero of a scale graduated to 
show the inclination of the line of sight through the slits. When 
the instrument is levelled up, and the zero of the scale placed 
opposite an index mark on the telescope barrel, the plane of the 
slits is horizontal. To measure an inclination from the horizontal, 
it IS only necessary to turn the ray shade until the line of sight 
intersects the object, when the angle is shown against the index. 


The Footrule Clinometer. — This consists simply of a stout 12 -inch 
boxwood rule fitted with a small bubble tube on each part, a 
graduated arc, and a pair of ^ 

sights (Fig 113). In sighting, Q 

the instrument is held against 
a rod as firmly as possible 
with the bubble central in the ^ 
lower tube, and the rule is 
opened until the line of sight 
liesattherequiredinclination, IT \ S p ~ 
which is then read on the arc ^ \ ^ 

In a common application of I J 
the clinometer the sights are ^ 

not used, and the instrument ^ 3 Clinomkteb. 

is placed on a straight-edge laid on the slope to be measured. In 
this case the rule is opened until the upper part is level. 


Miscellaneous Levelling Instruments. — The gradiometer is an 
instrument designed to faeilitate the measurement or setting out 
of long uniform gradients. It consists of a level in which the tele- 
scope is so mounted that it may be set at various inclinations to 
the horizontal, the gradient being registered on a drum. When 
the index is set to zero, the instrument serves as an ordinary level. 

For levelling over a distance of a few feet, the commonest appar- 
atus employed is a straight-edge laid horizontal by means of the 
familiar mechanic’s level, which is simply a bubble tube mounted on 
a flat base parallel to the axis. Levels can also be transferred for 
short distances without a spirit level by using a frame having a 
straight edge square to a plumb line. In an emergency, a horizontal 
line of sight can be obtained by placing in a pail of water a wooden 
float with two equal upright pieces, the tops of which can be sighted 
across. In the water level proper, the horizontal is defined by the 
water surface in the legs of a U-tube or in a pair of glass tubes tijie 
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lower ends of which are connected by rubber tubing The latter 
apparatus is of considerable utility and accuracy. 

PRECAUTIONS IN USING INSTRUMENTS 

Setting Up. — (a) In lifting the instrument from the box, handle 
it in such a way as to minimise the possibility of strain. It must 
not be lifted by the telescope, the standards, or axes, but should 
be supported by the hand placed under the levelling head. 

(6) Screw the instrument firmly home on the tripod head, so that 
the connection may not slacken during observations 

(c) If the instrument has three levelling screws held by a locking 
plate, see that the plate is gripping the screws and is properly 
locked, otherwise the instrument will fall off the tripod when lifted. 

{d) Do not force the levelling screws of a four-screw instrument. 

(e) After centering a theodolite by means of a shifting head, do 
not fix the locking nut of the head too tightly Certain forms are 
easily jammed, and it is well to make trial of the least force necessary 
to prevent slip and in practice to give only a slightly greater grip 
than this. 

Carrying. — (a) Support the instrument against the shoulder as 
uprightly as possible In the case of the theodolite, place the 
telescope vertical with its clamp slack, and release the lower clamp. 

(6) In situations with limited headroom carry the instrument 
in front, and see that it does not strike branches, etc. In crossing 
a fence or any awkward place, it is best for one man to go over first 
and have the instrument handed to him. 

(c) If the compass has been in use, throw the needle off its pivot 
before lifting the instrument. 

In Wind. — (a) Spread the tripod legs well apart, and thrust them 
firmly into the ground. 

(6) On a pavement or other smooth surface, if sufficient spread 
is given to prevent overturning by wind, the instrument may 
collapse by the feet sliding outwards : they should therefore be 
inserted in joints or cracks 

(c) Do not leave the instrument in high wind, even although the 
above precautions have been taken. 

In Rain. — (a) Protect the objective as far as possible by extending 
the sun shade. Use a brush for absorbing moisture from the eye 
lens. If a brush is not available, a corner of the handkerchief may 
be used, but the lens should not be rubbed. 

(6) If work is stopped temporarily, close the sun shade by the 
shutter, and, if the eyepiece has no cap, make a paper cover and 
attach it by a rubber band. The telescope of a theodolite should 
be set vertically, with the eyepiece down. In wet climates a water- 
proof hood to slip over the instrument is useful, 
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(c) If water enters the telescope tube, it will cause dewing of the 
lenses, and observations are impossible. This cannot be remedied 
at once in the field, as the hairs must never be exposed out of doors. 
The moisture will gradually evaporate if the instrument is left in 
the sun or in a moderately warm room . in the latter case, drying 
is hastened by removing the eyepiece. 

(d) Dry all exposed parts thoroughly before putting away the 
instrument Use a soft piece of linen in wiping graduated circles. 

General. — (a) Do not force screws, or apply clamps too tightly 
(6) A camel-hair brush is best for dusting instruments Levelling 
and tangent screws are cleaned with a nail brush, and a little oil 
should be applied, and finally wiped off Oil should not be left 
on exposed parts as it collects dust Vaseline or watch oil is used 
to lubricate axes, but this need seldom be renewed Unless the 
instrument develops stiffness, it should not be taken apart 

(c) Avoid fingering silver graduated surfaces When tarnished, 
apply a very little vaseline, and where necessary rub it with the 
finger, and wipe clean with a soft rag On no account use plate 
polish 

(d) For care of telescope, see page 29. 

Packing, —(a) There is only one position in which an instrument 
will fit into its box, and the difficulty of packing may be lessened 
if a note of the correct positions of the various parts is written in the 
box. The plates of the levelling head must be left approximately 
parallel, and clamps should be slackened 

(h) The instrument should pack without forcing, but it may 
happen that difficulty is experienced owing to shrinkage or warping 
of the wood of the box The offending part can be discovered by 
chalking those portions of the instrument held by the bearing pieces 
inside the lid, and may be cut down a little 

(c) The cap and ring of the tripod should be kept in the box 
while the instrument is in use 
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CHAPTER II 


CHAIN SURVEYING 

Chain or linear surveying is that method of surveying in whieh 
only linear measurements are made in the field Although unsuit- 
able for large areas or difficult country, it is quite well adapted for 
small surveys on open ground with simple detail, and is largely 
employed in such circumstances To the beginner it forms a fitting 
introduction to the study of other methods on account of its 
simplicity and the general applicability of many of its operations. 

Field Party. — The party consists of : 

The Surveyor, who determines what measurements are to be 
taken, directs their carrying out, and records the results in his field 
book 

Two Assistants or Chainmen, who make the measurements. 

Except in the case of a survey which may be completed in an 
hour or two, it is a mistake for the surveyor to work with only one 
assistant, as he must then take part in the chaining, etc., time is 
wasted, and it is difficult to keep the notes clean. 

Equipment. — Essential — One chain or steel band, 66 ft. or 100 ft , 
with ten arrows ; one linen or metallic tape, 50 ft. or 66 ft. ; six 
to twelve ranging poles, according to size of survey and character 
of ground , field book, pencil, and rubber. 

Optional. — Cross staff, or optical square, or box sextant ; line 
ranger ; clinometer ; small compass ; plumb line ; offset rod ; 
pegs ; flags for attaching to poles , field glass. 

THE MEASUREMENT OF A LINE 

The ordinary routine of measuring distance, being common to 
several branches of surveying, will first be described. It will be 
supposed in the first instance that the ground is level, and presents 
no obstacles to straightforward measurement. 

Ranging the Line. — The terminal points, or stations, between 
which the distance is required, are marked by ranging poles fixed 
vertically in the ground. If the distance is short, the measurement 
may proceed at once, but otherwise it is a convenience in aligning 
the chain to have one or more intermediate poles set in the lin^. 

127 
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The ranging of a line by eye is performed by the surveyor and an 
assistant. The former remains at one of the stations, while the 
latter proceeds the required distance along the line and puts him- 
self approximately in alignment He faces the surveyor, and holds 
a pole vertically and nearly at arm’s length, so that his body will 
not obstruct the surveyor’s view The latter directs him to right 
or left until the pole appears in line with the remote station pole 
When signalled to mark, the assistant fixes his pole and examines 
it for verticality He should then wait for a second signal as to 
whether the surveyor is satisfied with the fixing of the pole 

Notes — (1) To obviate errors due to noii-vortirality of the j)oles, it is most 
important that, where possible, ranging should be j)erformed with reference 
to their lower ends The surveyor should therefore bring Ins eye sufficiently 
low by stooping. 

(2) For good work he should station hunseli about a yard beliind lus pole, 
and should sight witli one eye along the edges of tlio poles Alternatively, 
he may bring the mid-point between his eyes into lino bv finding that position 
from which, by opening and closing each eye altoinatoly, his pole appears to 
move equally on either side ot the farthest j)ole The alignment of inter- 
mediate poles IS tlien easily judged by sighting them witli both eyes. 

(3) The assistant should align himself roughly, and should not liavo to be 
repeatedly warned that liis pole is ncit plumb It should bo held liglitly by 
the forefinger and thumb so that it hangs vertically with the shoe an inch or 
two off the ground On fixing, it may be tested by a plumb line oi by diopping 
a pebble alongside 

(4) In guiding the assistant into lino, the surveyor sliould use a pio- 
arranged code of signals, such as — 

Rapid sweeps with riglit (left) hand- -Move considerably to light (left) 

Right (left) arm extended — Continue to move to right (left.) 

Slow sweeps with right (lelt) hand— Move slowly to light (left) 

Right (left) liand up and moved to left (right), left (right) liand down and 
moved to right (left) — Plumb pole in direction indicated 

Both hands above head - Correct 

Such signals should be made to be seen clearly The arms should be 
extended clear of the body , signals to move to the left should not he made 
with the right hand When they have to be read from a considerable distance, 
signals should be made with a liandkerchief 

Chaining the Line. — The word “ chaining ” denotes the measure- 
ment of a distance whether it is executed by the chain or the steel 
band. No explanation is required of the case where the distance 
is shorter than the length of the chain, but otherwise the chain 
must be stretched successively in the correct line, and it is im- 
portant to realise the need for system in this apparently very simple 
operation if speed is to be acquired and serious error avoided. 

Throwing out the Chain . — With both handles in his left hand, 
the chainman throws out the chain with his right, and, assisted by 
the second chainman, proceeds to free it from twists and knots. 
Otherwise, one man may retain the handles, while the other walks 
forward with the remainder of the chain, paying it out on to the 
ground. When the chain has been roughly straightened, and 
examined for bent links and badly opened joints, the work of laying 
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it down successively may proceed If a steel band is used, it must 
first be unwound and removed from the case. 

Lining and Marking — The more experienced of the two chainmen 
remains at the zero end or rear of the chain, and is known as the 
follower ; the other, called the leader, takes the forward handle. 
Before starting, the leader must provide himself with the ten 
arrows with which to mark the successive positions of his end of 
the chain, and he and the follower should each have a ranging 
pole 

While the follower holds the rear handle at the terminal point, 
the leader stretches the chain as nearly in the line as he can judge, 
and, standing erect, holds his pole for alignment by the follower. 
It IS desired to range a point a little short of the chain length from 
the follower ; the end of the chain being slack and held in the leader’s 
left hand, the pole may therefore be placed about opposite the 
handle. When the pole has been lined, the position it occupied is 
marked by the hole made, or by a scratch, and the pole is removed, 
but in long grass or heath it should be left in. The follower now 
holds his handle exactly at the station point, while the leader pro- 
ceeds to stretch the chain in a straight line over his mark or against 
the pole. This is accomplished by transmitting a series of gentle 
undulations along it by shaking the handle up and down, and at the 
same time bringing it gradually into line Only sufficient tension to 
keep the chain straight is required. While straightening the chain, 
the leader should be stooping and holding an arrow hard against 
the end of the handle and in the same hand, so that he can thrust 
the arrow vertically into the ground immediately the follower 
instructs him to mark. 

To repeat the procedure for the next chain length, the leader, 
taking his pole and remaining arrows, walks forward and pulls 
the chain after him, having first swung it a little out of the line 
so that the arrow which has been placed will not be disturbed. 
He should count his paces so that he may know to stop and turn 
round when the follower, carrying the rear handle, has reached 
the arrow. The follower ranges the leader by planting his pole 
behind the arrow, and, having held his handle at the arrow (pre- 
ferably flush with that side which was against the leader’s handle), 
and got the second length marked by the leader, removes the arrow. 
The number of arrows in the possession of the follower at any time 
thus shows the number of completed chain lengths. 

Transfer of Arrows — At the end of the tenth chain length the 
leader has inserted his last arrow. When the chain is next pulled 
forward, the follower removes the tenth arrow, and marks the place 
by pushing a nail or pencil into the ground. The two men then 
meet, and the ten arrows are handed over to the leader, who uses 
them over again. In a long line a careful record must be kept of 
the number of such transfers. Occasionally eleven arrows ar^ 
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carried, the additional one being used before the transfer to mark 
the forward end of the eleventh length. 

End of Line , — At the end of a line there will usually be a part 
chain length to be measured. The leader pulls his end of the 
chain beyond the station, and then straightens the chain up to the 
station pole, and reads. 

Making up the Chain , — The chain must be coiled up in a par- 
ticular manner to form a compact bundle which can be tightly 
held by a strap. Having roughly doubled the chain by pulling it 
by the middle, the chainman holds it at the 50 tab in the left hand, 
and with the right grasps it at the joints corresponding to 48 and 
52. He passes the four links to the left hand, doubling them as he 
does so to form a length of one link fourfold. He continues with 
the remainder, laying each four links obliquely across those in his 
hand. When finished, the bundle should have an hour-glass shape, 
all the links bearing on each other at the waist. The strap is 
passed round the narrowest part and through the handles. 

Notes — (1) Much tune is saved if the leader can put himself approximately 
in line. If one or two intermediate poles have previously been ranged in, he 
can do so accurately, but should always allow the follower to satisfy himself 
before marking. If no intermediate poles have been set, he should, when 
first aligned by the follower, sight past the latter’s pole and “ take a back 
object,” i e. note any feature of the landscape which lies approximately m 
the line produced. He can then place himself nearly in line at every chain 
length by getting the distant pomt and the rear pole in range A forward 
object m line with the other station may also be taken. 

(2) Some surveyors do not use poles for the alignment of the chain, the 
follower sighting the arrow held by the leader against his handle. This is 
quite satisfactory where the ground is smooth, but in the majority of cases 
it IS unwise to dispense with poles. 

(3) The counting of his paces by the leader when pulling the chain forward 
should not be omitted, as it may save the follower a search for the arrow in 
long grass. The leader should not be stojjped suddenly by the follower 
pullmg the chain, as the jerk contributes to lengthen the chain. 

(4) It requires a little practice to be able to stretch the chain quickly. 
Beginners are apt to shake and tug violently, making it very difficult for the 
follower to hold at his arrow. The tension should be only sufficient to make 
the chain he straight 

(6) When chaining on a hard surface, such as that of a road or street, the 
leader should mark each chain length by a scratch made with an arrow or by 
a chalk mark, and should lay the arrow on the ground. It is advisable to 
wnte the chainage at each mark. 

Chaining on Sloping Ground —If the ground over which a 
measurement has to be made is not level, means must be taken to 
obtain the horizontal length of the line. This may be done directly 
by stepping ” the measurement in horizontal lengths, or indirectly 
by deducing the horizontal equivalent of the distance along the 
slope. 

By Stepping. — Chaining Downhill , — In this case the follower’s 
end of the chain is held on the ground, and his routine is as before. 
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The leader must hold his end, either of the whole chain or of a 
suitable portion of it, above the ground so that the chain is stretched 
horizontally in the air (Fig. 114). 

It is ranged, and the end of the 
suspended length transferred to 
the ground by means of a plumb 
line held by the leader. 

Chaining Uphill . — It is more difficult to obtain good results in 
this case, as the follower’s handle is now off the ground, and he 
must simultaneously plumb the end over the mark and range the 
leader. It is therefore a great convenience to have sufficient poles 
in the line that the leader can align himself. 



Fio 114 — Stepping. 


Notes — (1) The length of steps peimissible, to yield material accuracy, 
decreases with increase of the slope of the ground and the weight of the chain 
or band For convenience of manipulation, the suspended end should not be 
more than about 6 ft oft the giound The error introduced by sag is pro- 
portional to of^ chain ^ that a light steel band is best for slope work. 

In place of stepping with tlie chain, a good method is to align and lay the chain 
on the ground, and then perform the stepping by a linen or steel tape. This 
saves the ranging of each step, but, if a badly worn linen tape is used, it may 
be necessary to correct for the error of the tape 

(2) The transfer of the horizontal lengths to the ground may be performed 
by a pole or by diopping an arrow, ring down, but the plumb line method is 
the most accurate 


(3) It IS very difficult for the chammen to judge when the tape or chain is 
horizontal The surveyor should therefore stand clear to one side, and direct 
them Even from such a position, the inexperienced will think the chain hori- 
zontal when it really slopes downhill. That it should make a right angle with 
the suspended plumb line is a good guide 

(4) Great care is necessary to keep a correct record of the steps Those m 
a series should, as far as possible, have the same length, preferably 10, 20, 25, 
50, or 100 ft or links Caution must be exercised if the chaining arrows are 
used to mark the ends of short steps It is better to insert arrows only at the 
ends of chain lengths and to use cleft twigs or nails at the intermediate pomts 


By Measuring along Slope. — In this method, chaining is per- 
formed along the surface of the ground, and the various slopes 
encountered are measured by clinometer (page 122). If the measure- 
ment is composed of a series of lengths I 2 , etc., inclined at 6 ^, ^ 2 , 
etc , to the horizontal, then 

the required horizontal distance = l^ cos + 12 cos 62 + etc. 

^ If only the total distance is required, the 

.j calculation may be made on completion of the 
chaining, but, when numerous intermediate 
points have to be located, it is better to make 
^ a correction in the field at every chain length. 
The chain having been stretched in the 
position AB (Fig. 115), the leading arrow 
is shifted from B forward to B', where BB' 
= 100 (sec 0—1) ft. or links, and the next 
chain length starts from B". On moderate 



Fig. 116. 
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slopes the chainage of intermediate points may be read directly 
from the chain with sufficient accuracy for ordinary offsetting. In 
applying the method, a table should be prepared of the values of 
BB' for various slopes. 

Relative Merits of Stepping and Measurement on Slope. — Measure- 
ment on the ground yields better results than stepping, but is 
somewhat tedious except on ground characterised by long gentle 
slopes On short slopes of varying degree the method of stepping 
is quicker, and is that more generally used in ordinary work. 
Stepping is useless on very flat slopes, as the sag error may exceed 
that introduced by assuming the inclined and horizontal lengths 
equal. 


ERRORS IN ORDINARY CHAINING 

An examination of the nature and effects of the various sources 
of error in ordinary chaining is necessary for the due appreciation 
of the relative importance of the precautions to be observed against 
them. The difference between cumulative and compensating, and 
positive and negative errors (page 5) should be kept in mind. 
Errors and mistakes arise from : 

1. Erroneous Length of Chain. 

2. Bad Ranging 

3. Bad Straightening. 

4. Non-horizontality. 

5. Sag. 

6. Careless Holding and Marking. 

7. Variation of Temperature. 

8. Variation of Pull. 

9. Displacement of Arrows. 

10. Miscounting Chain Lengths. 

11 Misreading. 

12. Erroneous Booking. 

1. Ekroneous Length of Chain. — Cumulative, + or — . This is 
the most serious source of error in using the wire chain because of 
its liability to stretch. It should be tested before commencing 
work, and on important surveys should be compared with a field 
standard every day or two, while knotting of the rings should be 
carefully avoided. Steel bands for ordinary work need be tested 
only occasionally. Measurements obtained with a chain or band 
which has been found in error can be corrected as follows : 

Correct distance = ^roneou^len^ of chain ^ Q^gerved distance. 

Nominal correct length oi chain 

If the chain is too long, the error is negative (the chain not 
going sufficiently often into the line), while the opposite effect is 
produced if it is short. 
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2. Bad Ranging. — Cumulative, +. In ordinary work this pro- 
duces a relatively small error. If a chain length diverges a per- 
pendicular distance d from the correct line, the error in length is 
practically ^2^^200 ft. or links. Very refined ranging is unnecessary 
if only distance is required, but greater caution is called for if off- 
setting IS being performed, as the offsets are thrown in error by the 
full amount of the divergence 

3 Bad Straightening — Cumulative, +■ The effect produced by 
the chain lying in an irregular horizontal curve is similar to the 
last, but is more productive of error as the deviation is not so easily 
seen. 

4. Non-honzontahty — Cumulative, +. This error is common in 
stepping, but also arises from disregarding fiat slopes. It is the 
second error above, reproduced on the vertical instead of the hori- 
zontal plane, but is much more important in practice. 

5 Sag. — Cumulative, +. When the chain is stretched in the 
air either in stepping or in measuring over small undulations or 
obstructions, it must necessarily sag, and the distance between the 
ends is less than that read. The error is reduced by suspending 
short lengths only and pulling firmly 

6. Careless Holding and Marking. — Compensating, i The follower 
may hold his handle to one or the other side of the arrow, and 
the leader may not thrust his arrow vertically into the ground 
or exactly at the end of the chain The possibility of inaccurate 
marking is much increased when plumbing The error of marking 
developed by inexperienced chainmen is often of a cumulative 
character, but with ordinary care the distance, as marked, may be 
greater or less than a chain length, and such errors tend to com- 
pensate. If an error of is made in marking each of N chain 
lengths, the probable uncompensated error in the length of the line 
from this cause is \/^- 

7. Variation of Temperature — Cumulative, + or — . The effect 
of temperature is negligible in ordinary chaining, but must be 
allowed for in careful work with the steel band If the band is 
used at a temperature different from that at which it was com- 
pared with the standard, the necessary correction can be computed 
from the known temperature difference and the coefficient of 
expansion of the material. 

8. Variation of Pull. — Compensating, Variation in length 

produced by varying tension is also unimportant in ordinary work. 
The pull should be maintained at that applied in standardising 
the chain, but, unless a spring balance is used, it will probably vary 
on either side, and the errors tend to compensate. The chainmen 
may, however, persistently apply too great or too small a tension, 
when the error becomes cumulative. 
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The following mistakes produce quite irregular effects. 

9. Displacement ol Arrows. — If an arrow has been knocked out 
of the ground or disturbed by any means, it may be replaced 
wrongly. Such an accident is easily avoided, but, in view of its 
possibility, the leader may mark the end of each chain length by 
a scratch on the ground as well as by the arrow. 

10 Miscounting Chain Lengths — This serious blunder should be 
guarded against by seeing that the leader has the full number of 
arrows on starting, and by both men counting them at each transfer. 

11. Misreading — The most likely mistake in reading the chain 
is to confuse the 40 with the 60 tally The position of the 50 tab 
should be noticed In using a fully graduated band or tape, it is 
not uncommon for beginners to misread the feet by concentrating 
their attention on the inches. The surveyor should himself verify 
readings where possible 

12 Erronsous Booking — The possibility of booking figures wrongly 
is obviated by the chainman calling out the measurements loudly 
and distinctly, the surveyor repeating them as he makes the 
entry. 

Relative Importance of Sources of Error. — It is instructive to 
compare the conditions under which each source of error, taken by 
itself, may give rise to a definite amount of error Supposing the 
100-ft chain or band to be used, an error of about 1 in 5,000 is pro- 
duced by each of the following conditions ; 

1. Length of chain I in wrong 

2. Divergence in direction per chain length of 2 ft. 

3. Middle of chain 1 ft off the line, the half-lengths being straight. 

4. One end of chain 2 ft higher than the other. 

5. Sag per chain length of lOJ in. 

6 Each marking i 1| in out (taking the line as a mile long). 

7. Variation of temperature of 30° Fahr from standard. 

8. Variation of pull from standard of 25 lb. and upwards, depend- 
ing upon cross-sectional area of chain or tape. (The figure is based 
on the supposition of a light steel tape and a cumulative error.) 

These figures emphasise the futility of elaborate refinement in 
ranging and marking unless the chain is correct or its error is 
known. Speed in chaining, as in other surveying operations, 
is much increased by consistency between the precautions against 
error and the probability and seriousness of the errors. 

Customary Limits of Error. — It is difficult to assess the degree 
of accuracy attained in linear measurements made in ordinary 
surveying. Since the routine does not ensure the elimination of 
constant errors, a knowledge of the discrepancies between suc- 
cessive measurements of the same distance affords no guide to 
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tbeir real accuracy. The total error is composed of cumulative 
errors, both positive and negative, as well as compensating errors, 
but in expressing the value of ordinary chaining the latter are 
neglected, and error is regarded as proportional to distance. 

The ratio of error depends so greatly upon the care taken in 
standardising the chain that general figures are of little value. 
For measurements by wire chain on average ground, the most 
commonly quoted ratio is 1 in 1,000. This is difficult to attain in 
rough country, but on flat ground 1 in 2,000 should be reached 
without special precautions. With a steel band the errors should 
not exceed about half those. 


CHAIN SURVEYING— PRINCIPLES 


Surveys with Straight Boundaries. — The simplest possible survey 
is that of a triangular plot with straight boundaries. If the hori- 


zontal lengths and sequence of the 
three sides are recorded, sufficient 
information is available to enable a 
plan of the area to be drawn by the 
method of Fig. la. 

If, however, the area has more 



a b 

Fig. 116. 


than three straight boundaries, it is 

no longer sufficient to measure the lengths of the sides only, as 
an infinite number of figures could be drawn satisfying the data. 



The field measurements must be so arranged 
that the area can be plotted by laying down 
triangles Thus, if either diagonal of the four- 
sided field ABCD (Fig 116 a) is chained, as well 
as the sides, the plotting can be performed. 



Fig. 117. 


preferably by first laying down the diagonal in 
a convenient position on the paper and erecting 
the triangles upon it (Fig 1166). 

Check Lines. — The surveyor should be able 
to guarantee that, within permissible errors of 
measurement and plotting, the plan produced 
does actually represent the area surveyed. Con- 
sideration of Fig 116 will show that a mistake 
made in the measurement or plotting of any of 
the lines will cause a distortion of the figure 
which may pass unnoticed. Such mistakes could 
be eliminated by performing the whole work 
twice, but may be discovered with less trouble 
by making cross measurements, called check or 
proof lines, which, although they may not be 
essential to the plotting of the chain lines, serve 
to indicate the correctness of the work by their 
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falling into place on the drawing. Fig 117 shows various ways in 
which the survey of Fig 116 could be checked : the method to be 
used should depend upon local circumstances. 

Notes — (1) In the first methorl, the intersection E of the diagonals should 
be marked by a pole, and its chainage along each diagonal noted Triangles 
ABC and CDA nan then be checked independently, and a mistake localised 

(2) None of the methods shown affords an absolute chock, as it is possible 
for two errors to combine and permit a proof line to fit in They are, however, 
to he regarded as sufficiently good, as their object is to ensure that gross mis- 
takes will not pass undiscovered, and these should be of sufficiently rare 
occurrence as to preclude the possibility of balance 

(3) If, on plotting, it is found that a mistake lias been made in the field, 
careful examination of the notes mav reveal how and whore it has occurred 
It 18 usually necessary, liowevei, to rechain the doubtful portion, hence the 
importance of confining the effects of jiossible mistakes by distributing 
check lines to all parts of a survey When suiveying far from headquarters, 
the accuracy of the chaining may bo veiified by plotting the lines to a small 
scale before leaving the grourirl 


Offsets. — In the more general case in which the lines to be re- 
produced on paper are not all straight, the above methods are 
applied to the measurement of a framework of survey lines which 
can be plotted and checked, and from which the various details are 
located The most rapid and commonly used system of location is 
that of Fig. 16, the perpendiculars being called offsets, but points 
may also be tied in from the chain lines by the method of Fig \a 
Fig 118 represents a field with four irregular sides ABCD 
is a framework, the lines of which lie alongside the features to be 
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surveyed From these lines as many 
points can be located as are neces- 
sary to define the irregularities of 
the boundaries In plotting, the tri- 
angles arc laid down as before, and 
from their sides short perpendiculars 
are erected in the proper positions, 
and the lengths of the offsets are 
scaled The boundaries, etc , are then 
drawn through the points obtained. 


Points to which Offsets are Taken. — To survey a straight line 
from an adjacent chain line, it is sufficient to determine correctly 
the positions of both ends by offsets. These points being plotted, 
the straight line joining them represents the feature surveyed, the 
measurement and plotting of additional offsets imparting no further 
information. 

In surveying an irregular line, it is treated as divisible into a 
series of lengths, each sensibly straight, and a sufficient number of 
offsets is taken to locate those lengths Offsets must therefore 
be measured to every point at which the line has a marked change 
of direction. The degree to which minor irregularities may be 
neglected depends upon the character of the line being surveyed and 
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also upon the scale to be used in plotting. Fewer offsets are re- 
quired for surveying indefinite lines, such as the margins of woods 
or marshes, or those subject to variation, such as shore lines, than 
in the case of, say, a well-marked boundary equally irregular. The 
scale of plotting should be kept in view, as on it depends the refine - 
ment of detail which can be reproduced on the plan. 

In the survey of lines of regular curvature, e g. railway lines, it 
is sufficient to take offsets at regular intervals. 

CHAIN SURVEYING— FIELD WORK 

Reconnaissance. — On arriving on the field, the surveyor should 
first of all walk over and thoroughly examine the ground with a 
view to determining how he may best arrange the work The 
importance of this step is sometimes overlooked by the beginner, 
but the utility of a thorough reconnaissance cannot be over- 
emphasised, the time spent being amply repaid in the greater ease 
with which the survey can be executed The positions of stations 
are selected and marked, the poles being used to test intervisibility. 
During the reconnaissance the surveyor should prepare a sketch 
of the ground, showing the arrangement of lines and the numbering 
or lettering of the stations 

Selection of Stations. — In examining the ground for a good 
arrangement of survey lines, the surveyor should endeavour to 
meet the following requirements 

1. Survey lines should be as few as practicable, and such that the 
framework can be plotted 

2. If possible, a long line should be run roughly through the 
middle of the area to form a “ backbone ” on which to hang the 
triangles 

3. Triangles should be well-conditioned. 

4 Each portion of the survey should be provided with check 
lines 

5. As few lines as possible should have to be run without offsets. 

6 Offsets should be short, particularly for locating important 
features. 

7. Obstacles to ranging and chaining should be avoided as far as 
possible. 

8. Lines should lie over the more level ground. 

9. In lines lying along a road, the possibility of interruption of 
the chaining by passing traffic is to be avoided by running the line 
at one side of the road. 

Well-conditioned Triangles. — The third of the above requirements 
refers to the shape of the triangles, which should be such that the 
distortion produced by errors in measurement and plotting will 
be a minimum. It can be shown that a point located by the inter- 
section of two arcs is least displaced by errors in the radii when thp 
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arcs intersect at 90°. If the three sides of a triangle are equally 
subject to error, the three angles should approach 90° as nearly as 
possible, i e the triangle should be equilateral, and triangles ap- 
proximating to this form are termed well -conditioned ” An 
endeavour should always be made to avoid using triangles having 
one or two angles less than 30° ■ if they must be used, such badly- 
conditioned triangles require additional care in chaining and 
plotting 

Marking Stations. — Survey stations should be marked to enable 
them to be readily discovered during the progress of the survey, 
and preferably in a manner which will render them available after 
the lapse of some time, in case it may be necessary to repeat a 
portion of the work or to extend the survey. In soft ground wooden 
pegs about 18 in long by l| in square are suitable They should 
be driven firmly with only a small projection above the ground. 
In roads and streets it is necessary to substitute nails or spikes 
driven flush The difficulty of recovering the position of a nail is 
avoided by noting the tie measurements to it from two, or pre- 
ferably three, well-defined and permanent points near it In im- 
portant surveys it is highly expedient to locate the principal stations 
in this manner as a precaution against displacement of the peg 
In many surveys pegs are dispensed with, and the stations are 
marked by inserting a twig into the hole made by a ranging pole. 
The marking is made conspicuous if the twig is cleft to receive a 
piece of paper Plasterers’ laths are sometimes used, as they are 
sufficiently straight to be used for ranging as well as marking. On 
turf a good marking is obtained by cutting out a sod in the form of 
an arrow or an acute isosceles triangle with the apex at the station. 

Running Survey Lines. — The routine of running a survey line 
comprises the chaining of the line and the location from it of the 
adjacent detail Having stretched the chain and inserted the 
forward arrow, the leader leaves the chain lying on the ground, and 
returns to assist the follower with the offsetting. He takes the 
ring of the tape, and holds it at the various points to right and left 
of the chain as directed by the surveyor, while the follower remains 
at the chain with the tape -box The latter holds the tape at right 
angles to the chain, estimating the perpendicularity by eye in the 
general case, and calls out to the surveyor the lengths of the offsets 
and the chainages from which they are projected. The distances 
along the survey line at which fences, streams, etc , are intersected 
by it must also be observed and noted. 

Notes. — (1) The surveyor should be on his guard to detect gross mistakes 
in reading He should remain beside the follower to check the readings and 
see that the tape is lield perpendicular to the chain line and horizontal on 
slopes. 

(2) Offsets should be taken in order of their chainages, and, before allowing 
the chain to be moved forward, the surveyor should make sure that no offsets 
have been overlooked, 
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(3) A common tendency is to take too many offsets. No attempt should 
be made to record irregularities too small to be shown on the scale to which 
it is proposed to plot. 

(4) On flat ground offset measurements should be made on the surface 
of the groimd ; on slopes the chammen should use poles for plumbing. 

(5) The accuracy required m the perpendicularity of offsets increases with 
the length of the offset, the scale of plotting, the importance of the feature 
offsetted, and the angle between the chain line and the line being located. 
The cross staff, optical square, or box sextant may be used in setting out 
long offsets, but in general the perpendicularity is estimated The correct 
position of the tape can be determined by swinging it through a small angle 
about the ring as centre The smallest tape reading against the chain is the 
required perpendicular distance. 

(6) The accuracy lequired in measuring offsets depends on the first three 
factors above In particular, by keeping in view the scale to which the plot- 
ting IS to be performed unnecessary refinement will he avoided Assuming 
about 01 inch as the smallest distance on tlie paper which can be distin- 
guished in plotting, the following figures indicate the refinement of measure- 
ment required. 

If the scale is 1 in = 100 ft or moro, measurements should be recorded to 
the nearest foot or link 

If the scale is 1 in - 50 or 66 ft , measurements should be recorded to the 
nearest J ft or link 

If the scale is 1 in — 20 to 40 ft , measurements should be recorded to the 
nearest ^ ft or J link 

If the scale is 1 in — 8 or 10 ft., measurements should be recorded to the 
nearest inch 

It IS, however, better to be over- than under-accurate in view of the 
possibility that the survev, or a part of it, may be required on a larger scale 
than was originally intended. 

(7) The allowable length of offset depends upon the accuracy desired, 
the method of setting out the perpendicular, and the scale of plotting Survey 
lines should be so airanged that offsets to important objects are as short as 
possible, but for the survev of indefinite features long offsets, up to, say, 
100 ft , are permissible without instrumental setting out Progress is con- 
siderably delayed, however, when offsets exceed the length of the tape, and 
it IS false economy to reduce the number of survey lines at the expense of 
convenient offsetting 

(8) Special care is necessary m offsetting to buildings, and the measure- 
ments should be made solf-cliecking by the use of ties and by noting the 
chainages at which the directions of the walls cut the survey line. Buildings 
should be taped round , those of irregular outline may have to be enclosed 
by subsidiary chain lines from which to offset 

(9) As a large part of the time occupied on a chain survey is spent in off- 
setting, the necessity for systematic routine is evident The chammen should 
not be allowed to exchange their duties, and the one who observes the 
measurements should be instructed to call tliem out in a umform manner, 
thus — “ Fence, 9i off 285.” 

Note-keeping. — The field book, about 9 in. by 5 in., and opening 
lengthwise, may be of unruled paper, but more commonly each 
page has a single red line, or two red lines about | in. apart, ruled 
down the middle The single line represents the survey line, and 
against it are entered the total length of the line and the distances 
along the chain at which offsets are taken, intermediate stations 
are established, and fences, streams, etc., are crossed. The apage 
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on either side is available for sketches of the various features located 
from the survey line and for notes of the offset distances. In the 
double line system, the space between the lines is reserved for dis- 
tances along the chain, which are thus kept entirely separate from 
other dimensions. In using a plain page book, the surveyor draws 
down the page either one or two pencil lines as preferred. This 
system has the great advantage that if more detail has to be surveyed 
on one side of a line than on the other, overcrowding 
of the notes is avoided by ruling the lines near one 
side of the page. 

On commencing the chaining of a line, a fresh 
page should be started, and the designation of the 
line is noted at the foot. Booking proceeds from the 
bottom of the page upwards (Fig 119), as it then 
progresses naturally with the chaining, and the right 
and left sides in the book correspond with those in 
the field when looking in the direction of chaining 
As the various features within offsetting distance are 
reached, the surveyor sketches them and enters the 
chainage and length of each offset as shown in Figs 120 and 121 
For uniformity and ease in plotting, offsets should be entered 
as distances from the chain line only. 

Notes — ( 1 ) The complete record includes (a) a pjeneral sketch of the lay-out 
of the lines , (ft) the details of the lines , (c) the date of the survey , (d) a 
page index of the lines ; (e) the names of the members of the party Some 
surveyors ink in their notes after plotting This is desirable on pages which 
have suffered from ram, but otlierwise is a matter of choice 

(2) The two essentials in booking are accuracy and clearness The surveyor, 

although he may intend to plot the work himself, should always aim at pro- 
ducing notes which could be plotted without difficulty by a draughtsman 
quite unfamiliar with the ground, as the field book may be referred to, and 
extracts made, at a future date This desideratum is promoted by (or) neat 
figuring and legible writing , (6) lucid sketches ; (o) clearness m representing 
the points to which offsets have been taken ; (d) the insertion of explanatory 
notes where misunderstanding might occur , (e) leaving nothing to the 

memory ; (/) keeping the book clean. 

(3) The making of satisfactory sketches proves troublesome to the inex- 
perienced. The tendency is to allow insufficient room for sketches of intricate 
detail, so that dimensions cannot be entered clearly No attempt should be 
made to sketch strictly to scale. The size of complicated parts should be 
exaggerated, the curvature of fiat curves should be increased, and angles 
which are nearly 90° or 180° should have their divergence from those values 
emphasised On the other hand, long straight lines should be shown shortened 
A comparison of the sketches m Figs 120 and 121 with the corresponding 
features on the scale diagram, Fig 123, will exhibit the allowable distortion. 
It should be observed that, m the double line system, a line crossed by the 
chain IS apparently broken at the intersection, because the survey line is 
represented in the book by a space, which has no physical existence on 
the ground. 

(4) The pencil should be of good quality, to avoid smearing, and rather 
harder than is usually preferred for writing, to prevent the notes being washed 
out by rain. In wind, it is a convenience to have a strong rubber band to hold 
the leaves of the field book (Fig. 119). 



Fig 119 
Field Book 




Fig. 120. — ^Double Line Booking. 
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FiOi 1'21. — Single Line Booking. 
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Examples of Chain Surveys. — Fig 122 shows a small survey of an 
irregularly shaped parcel of ground. The noticeable features are ; 
(a) the provision of a long backbone line AB ; (6) the running of 
lines CH and EK merely as proof lines, to check triangles AEF 
and DJB respectively ; (c) the manner of plotting and checking 
triangle FGH by locating G on CH produced and checking its 
position by FG ; (c^) the survey of the straight hedge to the right of 
CH simply from its intersections with lines AB and EF. 

A farm survey is illustrated in Fig. 123. AB has been adopted as 
a base line in preference to a diagonal extending right across the 
survey, as the outline would not permit of well-shaped triangles by 
the latter arrangement. Having fixed AB, there is little choice as 



regards the positions of D, F, M, G, H, and J The line CK is 
inserted for offsetting to the pond and to the piece of rough ground : 
its extension KL is merely a proof line to check triangle AMF. No 
proof line is required in triangle DFB, as it forms part of triangle 
AFB, which is checked by DF and CK The narrow area ABZX 
is best surveyed and checked as shown. The lines arc self -checking, 
while the fact that Y is in range with FD affords a further check, 
so that the chaining of a line between C and Y is unnecessary. The 
arrangement of lines for the survey of area XVRM is preferred to 
running diagonals XR and VM, as being more convenient for the 
location of the outline of the wood. Triangle PQN, with the proof 
line OQ, is introduced to avoid long offsets to the stream. 

Survey oi Woods, etc. — Chain surveying methods may prove 
tedious when applied to the survey of a dense wood, a pond, or 
other area across which lines cannot be run. In such cases a system 
of lines must be laid out to surround the area. Wherever possible, 
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Fig 123. 
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-Chain Survey- of 
Wood. 


the main lines should form a single triangle, checked by proof lines 
at one or more corners, and from the main lines subsidiary triangles 
may be projected inwards where required to shorten the offsets. 
Otherwise, as in Fig 124, the sides 
of the enclosing polygon must be 
fixed relatively to each other by 
forming triangles at the corners. 

This example could be plotted by 
first drawing AB and constructing 
the triangles AEG and DFB. On 
producing AE and BF to G and H 
respectively, the measured length 
GH should fit in between G and H 
A better check is, however, avail- 
able by chaining triangle GKL On 
plotting this triangle on base GK, and producing GL to H, the 
station H so obtained should coincide with its position 
as given by the line BH It is desirable for the rapid 
location of a mistake that each of the triangles should 
be checked by a proof line. 

Survey of Narrow Belts. — Fig 125 illustrates how the 
above principle is applied to the chain survey of a long 
narrow strip of country, the width of which can be 
controlled by offsets from a central chain line The 
introduction of triangles between the survey lines in 
this, as m the previous example, is simply the linear 
survey method of enabling the angles between the lines 
to be plotted Such surveys are more accurately and 
rapidly executed by measuring the directions of the lines by 
theodolite 
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MISCELLANEOUS FIELD PROBLEMS 

It is frequently impossible to arrange a survey so that all the 
lines can be run in the straightforward manner previously described. 
While the difficulties which may be encountered are most rapidly 
and accurately surmounted by the aid of an angular instrument, 
they may also be solved by a routine involving only the essential 
equipment used in chain surveying, and these methods will be 
considered here. Many of them involve the setting out of perpen- 
diculars and parallels, and such operations will be treated first. 

To Erect a Perpendicular to a Chain Line from a Point on It. — 

(a) Select points B and C on the line on either side of, and equi- 
distant from, the given point A (Fig 126). Pin down the ring of the 
tape at B, and, having the end held at C, hold the mid-point D so 
that both halves are stretched tight. D is then on the required 
perpendicular. 


P.Q.S. I.—L 
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Alternatively, sweep arcs of equal radii with the tape from 
B and C, scratching the arc on the ground with an arrow, and mark 
the intersection D. 

By similarly locating D' on the other side of A, a longer base is 
available for production. 

(b) With A as centre, sweep an arc of 30 ft radius, and from B, 
40 ft. along the chain from A, sweep an arc of 50 ft. radius (>, the 



cut of these arcs, is on the perpendicular AC (Fig. 127), since 
50® =30^-1-402 . The ring of a 100 ft linen tape may be pinned at 
A and the 80 mark held at B, while the 30 mark is placed so that 
the two parts are taut. A steel tape cannot be bent sharply at C, 
but, by holding the 100 mark at B, C is obtained as the position of 
the 30 and 50 marks held together with a 20 -ft loop between 
(Fig. 128). Any multiples of 3, 4, and 5 can, of course, be similarly 
used, and the sides of the triangle are proportionately reduced 
when using a shorter tape. Integral values for the sides of right- 
angled triangles are proportional to (2/1+1), 27t(ii+l), and 
(2/i®+2n+l), where n is integral or fractional, but, of the various 
series of integers available, 3, 4, 5, and 20, 21, 29, corresponding to 
n = l and w = J respectively, yield the best intersections. With the 
latter, the whole of a 50 or 100 ft. tape is strctchc*d (Fig 129). 


To Drop a Perpendicular to a Chain Line from a Point Outside 

It. — i. W/ien the Point is Accessible. — (a) With the given point A 
as centre, swing an arc to cut the chain line at B and C (Fig. 130). 
D, the mid -point of BC, is the foot of the required perpendicular. 


A 



Fig. 130. 



Fig. 131. 


A 



BO C 
Fig. 132. 


(6) Measure the distance from A to any point B on the line 
(Fig. 131). Set off BC on the chain equal to BA. Measure AC. 

Then CD = 

2BC 
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ii. When the Point is Inaccessible — {a) By repeated trial of 
erecting perpendiculars from BC, find that which passes through A 
(6) Select points B and C on the line (Fig. 132). Set out BE and 
CF perpendicular to AC and AB respectively. Mark their inter- 
section G. AG produced to D is the required perpendicular 

To Run a Parallel to a Chain Line through a Given Point.— 

i. When the Point is Accessible. — (a) From the given point A drop 
a perpendicular AB to the given line BC (Fig. 133). From C, as 



e E f g 


Fig 133 Fig 134 Fig 135 


far along BC as convenient, erect a perpendicular CD equal to AB. 
AD is the required parallel Alternatively, measure the sides of 
a triangle Ae/, with apex at A, and reproduce the triangle at Dgh. 

{b) From A measure AC to any point C on the line (Fig. 134) 
Mark E, the mid -point From any point B on the chain measure 
BE, and produce BE its own length to D 

ii. When the Point is Inaccessible — Proceed as in (a) above, 
obtaining the inaccessible perpendicular distance AB (Fig 135) by 
the methods of page 148. 

Obstacles. — The more important obstacles may be classed as : 

1. Those which obstruct ranging but not chaining. 

2. Those which obstruct chaining but not ranging. 

3 Those which obstruct both 


1. Obstacles which Obstruct Banging but not Chaining. — This 
type of obstacle, in which the ends of a line are not inter visible, is 
difficult to avoid except in flat country, as it commonly occurs in 
the form of an intervening hill Two cases may occur . 


(1) Both ends may be visible from intermediate points on the line. 

(2) Both ends may not be visible from any intermediate point. 
Case (1) Having plumbed the terminal poles A and B (Fig. 136), 

the surveyor C and his assistant 
D, each with a ranging pole, 
proceed up the hill, and take 
up positions such as C^, D^, in 
plan, as nearly in the line as 
they can judge, and such that 



C can see both B and D, while 
D can see A and C. C directs 
D to Dg, in line with B, and 
then D guides C into position 



Cgi in line with A. C now 


Fig. 136. 
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brings D to Dg, and so on alternately. When C and D are 
simultaneously satisfied that the other is in line with the remote 
pole, they are both in the line AB, and fix their poles. This method 
is also serviceable in ranging a line across a hollow. 

Case (2). The same principle is applied in this case by gradually 
bringing a series of intermediate poles into range with each other 
and with the stations. This involves either additional assistance or 
considerable delay in walking from pole to pole, but is often the most 
suitable method. 

When only the length of the line is required, or if offsets have to 
be taken from only a part of it, the method of the Random Line is 
best. Proceeding from station A, a line such as AB' (Fig. 137) 
is ranged out at random, but as nearly towards B as can be judged. 
It is chained out to B', where B'B is perpendicular to AB', and 
B'B is measured. Then AB =V(AB')2 -)-(B'B)^. jf q' jg ^ point 
of known chainagc on AB', a point C can be located on AB by the 


AiV 

perpendicular offset C'C =-^:^^xB'B 


In this manner a sufficient 



number of points can be obtained on AB to complete its ranging, 

and, if necessary, AB is then 
chained for offsetting If, 
however, the detail to be off- 
sotted IS confined to a part 
CD of the line, it will suffice 
to chain between those points, 
since their chainages can be 
deduced from those of C' and 
D' If the detail can be located 
satisfactorily from AB', time is 


c 


D’ 


90 ^\ 


c 

Fig 
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saved by offsetting from that line, the plotting being performed 
by first obtaining B on the paper from the computed length AB. 


2. Obstacles which Obstruct Chaining but not Ranging. — The 

typical obstacle of this class is a sheet of water the width of which 
in the direction of measurement exceeds the length of the chain or 
tape The problem consists in finding the distance between con- 
venient points on the survey line on either side of the obstruction. 
Two cases may be distinguished : 

(1) In which the obstacle can be chained round. 

(2) In which the extent of the obstacle prevents this. 

Case (1) Figs. 138 to 143 illustrate six methods of finding the 
distance between poles A and B on either side of a pond. 

(a) Set out equal perpendiculars AC and BD (Fig 138) ; then 
CD=AB. 

(h) Erect perpendicular AC (Fig. 139), and measure AC and CB , 
then AB = VbC2— AC2. 
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(c) Find, by optical square or cross staff, a point C which sub- 
tends 90° with A and B (Fig. 140). Measure AC and CB ; then 
AB = VAC2+CB2. 


(d) Set out a straight line CAD (Fig. 141) Measure AC, AD, 



Fic 138. Fio 139 Fio UO Fir, 141. Fig 142 Fig 143. 


(e) Mark a point C (Fig 142) Range D in line with AC so that 
CD=AC Range E with BC, making CE=BC, then ED=AB 
(/) Select a point C (Fig 143), and measure AC and BC Mark 
CA 

D and E such that CD =— and CE =— ; then AB =nDE. 

n n 

In each case the obstacle is surveyed from the auxiliary lines 
Method (d) is suitable for a wide obstacle, since offsets can be taken 
on each side, but long offsets are avoided in the other methods by 
repeating the work on the other side 


Case (2). A river is typical of this class of obstacle. 

(a) From A and another point C on the line (Fig 144) erect per- 
pendiculars, or any parallel lines, AD and CE, such that E, D, and B 


arc in line. 


Measure AC, AD, and CE ; 


then AB = 


ACxAD 

CE-AD. 



Fig 144. Fig. 145. Fio. 146. Fig. 147. Fig. 148. 


(h) Set out a perpendicular AC (Fig 145), and mark its mid-point 
D. From C erect CE perpendicular to AC, and mark E in range 
with BD ; then CE=AB. More generally, if D lies anywhere on 


AC,AB 


ADxCE 

CD 
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(c) Select a point D (Fig 146). Measure AD and CD, and continue 
them their own lengths to E and F. Find G in range with BD and 
EF ; then EG == AB. 

{d) Erect a perpendicular AC (Fig. 147), and, using an optical 
square or similar instrument at C, find D on the chain line so that 

AC^ 

BCD is a right angle Measure AC and AD ; then AB = • 

(e) By instrument locate C which subtends 90° with AB (Fig 148). 
Range D with AC, so that AD = AC Find E at which the line is 
cut by the perpendicular DE , then AE = AB. 

3. Obstacles which Obstruct Ranging and Chaining. — In this case 
the obstruction cannot be seen through, but the methods of Figs 
144 to 148 are applicable if, owing to the contour of the ground, the 
line can be ranged beyond the obstacle In the general case, how- 
ever, the problem consists both in prolonging the line beyond the 
obstacle and finding the distance across it 

(а) From A and B on the line erect equal perpendiculars AC and 
BD (Fig 149). Range E and F with CD, and set out EG and FH 
perpendicular to DF and equal to AC G and H are in the line, and 
CE=AG 

(б) Select a point C (B"ig. 150). Measure AC and BC, and mark D 

AC BC 

and E so that CD = — ■ and CE Range F and G with DE. 

n n 

Measure CF and CG, and produce them to H and K, making CH = 
?iCF and CK =iiCG H and K are in the line, and AH =riDF. 

(c) Set out a triangle BCD (Fig 151). Continue BC and BD to 
E and F, making BE=wBC and BF=?iBD Mark G on EF so 



that EG =wCA. Similarly locate K. G and K are on the line, and 
AG = (n-l)BA. 

[d) Erect a perpendicular AC, and mark B so that AB = AC (Fig. 
162). Produce BC to D. Set out DF perpendicular to DB, making 
DF =DB and DE =DC. From F and E swing arcs of radii = AC, 
obtaining intersection G. G and F are in the line, and CE == AG. 

(c) By swinging the tape, construct an equilateral triangle ABC 
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(Fig. 153). Produce BC to D. Form an equilateral triangle DEF, 
and produce DF to G, making DG = BD. Obtain H on the line by 
an equilateral triangle GKH. AH =BD— BA— HG. 

None of these methods ensures much accuracy in the prolongation 
of the chain line, and this type of obstacle should therefore bo 
studiously avoided unless an angular instrument is available. 

PLOTTING 

Instruments. — The draughtsman will be provided with a set of 
the usual drawing instruments, which should include drawing pens, 
compasses with pen and pencil points and lengthening bar, dividers, 
spring bows, pricker, protractor, scales, set-squares, French curves, 
and colour brushes. In place of a T-square, which is of minor 
utility in plotting surveys, a 24-in. parallel ruler should be used. 
For drawing long straight lines a steel straight-edge is required, 
6 ft being a serviceable length. Beam compasses are necessary 
for describing arcs of large radius, and are very useful in plotting 
various kinds of surveys. For drawing railway lines, a set of railway 
curves is essential. These are flat strips of pearwood, celluloid, or 
vulcanite, each cut to a distinct curvature. A useful set consists of 
100 curves of radii from 1^ in. to 240 in. 

Scales. — Drawing scales should be of well-seasoned boxwood or 
ivory and of superior quality. The most useful length is about 
12 in , and a flat section with two bevelled edges accommodating 
two different fully divided scales proves more accurate and conveni- 
ent than oval and triangular forms, having respectively four and six 
different scales. A useful pattern has one edge divided to chains 
and links with the same scale converted to feet on the other, so that 
dimensions laid down in links can be readily scaled in feet. 

The more commonly used scales are 10, 20, 30, 40, 50, 60, 80, 100, 
200, etc., ft. or links to 1 in. It is to be noticed that one set of 
graduations is employed for plotting to several scales decimally 
connected, e.g. the 20 scale, having 20 divisions to 1 in., can be 
used as a scale of 2, 20, 200, or 2000 ft. or links, according as the 
smallest division is treated as -1, 1, 10, or 100 ft. or links. 

Since Ordnance Survey maps are extensively used, alterations, 
new works, etc., have frequently to be plotted to the Ordnance 
scales. The larger scales are : 

60 in. to one mile or 1/1,056, 

50-688 „ „ 1/1,250, 

25-344 „ „ 1/2,500, 

6 „ „ 1/10,560, 

1 „ „ 1/63,360. 

The 1/1,056 and 1/1,250 scales apply to town maps only, and the 
first is now available only for London. Town maps were formerly 
published on a scale of 1 /500, but this practice has been discontinued. 
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Materials. — Paper . — Only the best hand-made paper should be 
used for survey plans other than those intended merely for tem- 
porary use. Plans which will be subjected to much handling are 
rendered more permanent by having the paper mounted on holland 
or cotton. Mounting is also necessary for very large plans and long 
rolls, and should always be done before plotting, otherwise the plan 
will suffer distortion. 

Notes — (1) Paper expands under the influence of a damp atmoajifiere, and 
contracts when dried The variations are less marked in seasoned than in fresh 
paper, and are also reduced in mounted papers Tipht rolling of a drawing 
tends to stretch it, so that it is desirable that drawings should be kept flat 

(2) Mounted sheets and rolls are sold in various sizes and qualities, but 
mounting may at times have to be performed by the draughtsman A sheet 
of the fabric, a few inches longer and wider than the jiapei, is tacked on to 
a table at mteivals of 6 m or loss round the margin, and is then thoroughly 
damped A quantity of flour paste is freshly piepared, and this is well rubbed 
into the back of the paper with a stiff biush oi by tlie fingers Superfluous 
paste IS brushed off to leave a uniform film over the whole sheet The paper is 
stretched on the cloth, and, by means of a squeegee roller or the edge of a 
large clean set -square, worked from the middle of the sheet towards the margin, 
the paste is pressed into the interstices of the fabric, and all surplus paste is 
squeezed out at the edges until tlie paper is perfectly flat The whole is left 
to dry before the tacks aie removed, and the sheet is finally trimmed, or a 
narrow margin of cloth is left for pasting on the front of the shoot to protect 
the edges 

If a large mounted sheet is to be prepared by joining individual sheets, 
unsightly overlaps are avoided if the sides to be joinoil are each given a feather 
edge This is effected by cutting each sheet halt -way through along a straight 
lino near the margin On tearing off tho strip by pulling on the side of the paper 
away from the knife cut, the paper is brought to an edge, and these edges are 
to be overlapped in mounting 

Pencils . — It is uneconomical to use other than superior pencils. 
4H is the most suitable hardness for plotting, but 2H or 3H may be 
employed for sketching, lettering, etc A chisel point may be used 
for drawing straight lines, but for all other work a conical point is 
required Points should be kept very sharp by the use of sandpaper, 
pencil points on compasses requiring similar attention. 

Ink — The ink should be good quality Indian or Chinese ink, 
preferably prepared fresh each day from the stick. Most bottled 
waterproof inks, however, prove quite satisfactory, and prepared 
inks of various colours are often required. 

Preliminary Considerations. — Scale , — The scale is usually defin- 
itely, or at least approximately, fixed from considerations of the 
extent and purpose of the survey before the field work is under- 
taken. If a choice remains, the final selection may be governed by 
the size of sheet required to contain the survey. 

Position of Survey on Sheet — Having drawn a border line giving 

margin of 1 in. to 1^ in round the sheet, the position of the survey, 
title, scale, north point, etc., within the rectangle must be arranged 
so that the drawing will present a balanced appearance. Whenever 



CHAIN SURVEYING 


153 


possible, the north side of the survey should lie towards the top of 
the sheet The title may be placed either centrally at the top or in 
the lower right-hand corner. The scale is usually drawn at the 
bottom. 

In the absence of an existing plan of the area, a suitable position 
of the survey on the sheet is best determined by first plotting the 
outline roughly on tracing paper to the scale of the drawing. This 
plot IS placed over the drawing, and, when in a suitable position, the 
direction of the principal survey line and the position of one of its 
stations are pricked through. If the preliminary plot is prepared 
on a smaller scale, a suitable position must be estimated within a 
border rectangle similarly reduced 


The Pencil Plot. — Plotting Survey Lines — The longest line is 
first drawn, and its total length, as well as the positions of inter- 
mediate stations, is carefully scaled Stations are marked with a 
pricker or a fine conical pencil point, and the marks are rendered 
conspicuous by having a small circle sketched round them. The 
triangles attached to the base line are then erected by describing 
short intersecting arcs with the lengths of the sides as radii, beam 
compasses being used if necessary. When these triangles are checked 
by fitting in the proof lines, the remaining stations are similarly 
laid down The whole framework must be plotted and checked 
before the filling in of detail is begun As the accuracy of the 
finished drawing is largely dependent upon the precision with which 
the framework is plotted, care should be exercised in scaling 
dimensions, and pencil lines should be very fine. 


Plotting Detail — There are two ways of plotting offsets. In the 
first, the chainages from which offsets were taken are marked out 
along the survey line, and the lengths are scaled off at right angles. 
In plotting long offsets and those which were set out by instrument, 
a pencil line should be drawn perpendicular to the survey line by 


set-square, but otherwise it 
IS sufficient to estimate the 
perpendicularity by eye. 

In the second method, a 
short scale, called an offset 
scale, is used as shown in 
Pig 154. The ordinary scale 
IS laid parallel to the survey 
line and so that (a) the zero 
of the offset scale coincides 



with the line, (6) the chain- Fig. 154. — Use of Offset Scale. 
ago of the working edge of 

the offset scale can be read on the long scale The long scale 
being held by weights, the offset scale is slid along to the various 
chainages, and the offset lengths can be pricked off rapidly. 

Where much detail has to be shown, offset points should he 
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joined up as they are plotted, and in doing so it should be remem- 
bered that changes of direction occur only at the offsets. The more 
common mistakes in plotting detail are : (a) plotting offsets from 
wrong points ; (b) plotting offsets on wrong side of survey line ; 
(c) omitting offsets ; (d) joining up wrong points ; (e) scaling 
chainages from wrong end of line. 

Inking In, — ^When inking in the drawing, the pencil lines must be 
followed exactly. Lines should be rather finer than are suitable for 
structural or mechanical drawing on account of the smaller scales, 
but very fine lines should be avoided as they often present a ragged 
appearance and become indistinct when the plan gets dirty. Shade 
lining may be adopted in representing buildings. A writing pen 
should never be used in place of the drawing pen, as the lines pro- 
duced have a varying thickness. 

Black ink being used for existing features, new works are distin- 
guished by being shown in red. On large scale plans railway lines 
are often drawn in blue. Telegraph poles may be joined by a thin 
blue or green line to indicate the line of wires. Survey lines are not 
inked in, but it is sometimes a convenience to have the positions of 
stations recorded, say, by a small red circle. 

Conventional Symbols. — Symbols, more or less standardised by 
custom, are employed to suggest various features. The form taken 
by some of these depends upon the scale : thus, on a small scale it is 
usual to represent fences, hedges, and walls by a solid line, but on 
a large scale these are differentiated. Fig. 155 illustrates the more 
common symbols used in ordinary work. The convention of showing 
trees in elevation instead of in plan is generally favoured, as it is 
easier to make the result look effective : the trunks are sketched 
parallel to the side borders of the drawing. In large scale plans of 
railways, the running edge, not the centre line, of each rail is repre- 
sented. A list of symbols relating to signals and other details of 
railway track has been drawn up by the British Engineering Stand- 
ards Association, and forms the subject of their Specification No. 376, 
Part 1 (1930). 

A considerable number of abbreviations and signs is adopted on 
the Ordnance maps, and one must be familiar with them in order to 
read the “ 25-in.” and 6-in. maps correctly. They are explained 
in a booklet, “ A Description of the Ordnance Survey Large Scale 
Maps,” published by the Survey. 

Colouring. — ^The application of large washes of colour to survey 
plans is unnecessary, and is open to the objection that it distorts 
the paper. Roads should be shown up in pale burnt sienna, water 
is indicated by an edging of Prussian blue, preferably shaded off, 
and buildings should be given a wash of grey, formed of very 
much diluted black ink. Boundaries have Commonly to be made 
conspicuous by edgings of colour. Tints should be prepared from 
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Deciduous Trees 



Evergreen Trees 



Rocks Embankment 



Railway ( Small Scale ) Buildings 



Wall and Gate Fence and Hedge 



Moor or Rough Pasture 



Marsh 



Sand, 

Gravel, and Pitching 



Paths and Roads 



Boundaries 


Fig, 156. — Conventional Symbols. 
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the best cake colours only, and should be applied with a large 
sable brush. 

Lettering, etc. — Where appearance is important, neat hand print- 
ing is preferable to stencilling. To ensure proper spacing, letters 
should first be sketched in with pencil between top and bottom guide 
lines. Only severely simple styles of lettering are required, and the 
beginner should practise these either from a lettering copy-book or 
from well-finished drawings. Block characters, in the form of upright 
or sloping capitals and sloping smalls, are most commonly used, and, 
on account of the uniform thickness of the lines forming them, are 
much easier to draw than Roman characters. The title should be 
formed of upright eapitals, while the use of upright and sloping 
capitals and italics of various sizes imparts sufficient variety to the 
appearance of the notes throughout the drawing The size of letters 
should accord with the size of the sheet and with the scale, and should 
indicate roughly the relative importance of the descriptions As 
far as possible, lettering should be parallel to the top and bottom 
borders ; otherwise, descriptions should be capable of being read 
from the lower right-hand^ corner of the sheet 

The scale must always be drawn, and its value should be written 
above it. A plain north point should be placed in a convenient 
position, its direction being obtained from a field observation of the 
magnetic bearing of any of the lines. 

Reducing and Enlarging Drawings. — To reproduce a drawing on 
a different scale from the original, the most accurate method is 
to replot the work from the field notes It is especially desirable to 
adopt this method for enlargements, in preference to utilising the 
original drawing, in order to avoid multiplying the errors of plotting 
of the latter 

For reductions, or enlargements only slightly greater than the 
original, a simpler method is to rule a network of squares on the 
original drawing or on a sheet of tracing paper covering it. On the 
new sheet a similar series of squares is drawn, the linear dimensions 
of the latter being greater or smaller than those of the first, according 
to the enlargement or reduction required. By reference to the sides 
of the squares, the detail may be transferred from the one sheet to 
the other by scaling, by means of proportional compasses, or simply 
by estimation. 

The reduction or enlargement of drawings may also be performed 
entirely by mechanical means by the use of either the pantograph 
or the eidograph. These instruments are, however, not extensively 
employed. 



CHAPTER III 


THEODOLITE AND COMPASS TRAVERSING 

A Traverse survey is one in which the framework consists of a 
series of connected lines, the lengths and directions of which are 
measured The system of fix involved is therefore that of Fig. Ic. 
When the lines form a circuit which ends at the starting-point, the 
survey is termed a closed traverse : otherwise it is unclosed. The 
latter type is applied in the survey of long strips of country, but for 
wide areas the survey usually takes the form of a network of closed 
traverses, with or without unclosed figures in parts. 

Scope. — There is a considerable range in the character of traverse 
surveys according to the instruments used and the degree of accuracy 
necessary. In countries unsuited for triangulation, extensive 
theodolite traverses are required for the establishment of control 
points from which subsidiary surveys for the mapping of detail 
may proceed. In such primary traverse work great refinement is 
called for in both angular and linear measurements In small 
surveys, particularly if they form closed figures, or if they are run 
between points whose relative positions have been otherwise deter- 
mined, the precision aimed at may be considerably less, and at the 
bottom of the scale we may have, as in certain exploratory surveys, 
distances estimated from the rate of march, and directions taken by 
compass towards sound signals instead of to visible points 

In the present chapter are considered the methods ordinarily 
used in general cadastral and large scale engineering surveys, the 
applications of traversing in small scale mapping being dealt with 
in Vol II, Chap. VI. 

Comparison with Chain Survesdng. — Angular surveying is of much 
wider applicability than linear surveying, and is susceptible of 
greater accuracy, while in most cases the field work can be more 
rapidly executed. The routine of chaining and offsetting has to bo 
performed just as in chain surveying, but the arrangement of the 
survey lines is quite different. The running of lines from which no 
offsets can be taken, as is frequently necessary for the plotting and 
checking of a chain survey, is obviated, and the lines can be arranged 
to follow the detail. The employment of angular instruments is 
essential in the many cases where it is impossible, on account of the 
shape of the survey, the character of the ground as to obstacles, etc., 
to lay out a satisfactory triangular system of chain lines. 

157 
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BEARINGS 

Direction. — The directions of survey lines may be defined (a) 
relatively to each other, (6) relatively to some reference direction, 
or meridian. In the first case they are expressed in terms of the 
angles between consecutive lines, and in the second by bearings 

The use of a meridian of reference from which the directions of 
survey lines may be measured has so many advantages, particu- 
larly regarding the facilities afforded for checking and plotting, 
that this system is adopted in preference to the other. Only in 
small closed surveys involving few instrument stations should it be 
regarded as permissible to dispense with the establishment of a 
meridian. 

The reference direction employed may be one of the following : 

(а) True meridian. 

(б) Magnetic meridian. 

(c) Any arbitrary direction. 

Trae Meridian. — The true or geographical meridian passing 
through a point is the line in which the earth’s surface is intersected 
by a plane through the north and south poles and the given point. 
It therefore lies truly north and south The determination of its 
direction through a station involves astronomical observation, and 
is described in Vol. II, Chap. II. 

The meridians converge from the equator to the poles, and con- 
sequently the true meridians through the various stations of a 
survey are not parallel to each other. All the survey lines, however, 
are to be referred to one meridian, viz. that through the initial 
station, or station at which the meridian has been established. 
The bearings of lines situated east or west of the initial station 
therefore differ from their azimuths, or directions from their re- 
spective local meridians. In consequence, a line common to two 
adjoining surveys is usually designated by different bearings in the 
two surveys. For ordinary small surveys the discrepancy is slight, 
and, when necessary, the correction for convergence (Vol. II, Chap. 
IV) can be applied. 

The direction of true meridian at a station is invariable, and 
a record of true bearings therefore assumes a permanence not 
otherwise possible. This is a matter of considerable importance 
for large surveys in unmapped or imperfectly mapped country. 
In engineering location surveys the adoption of true meridian may 
save much time in retracement of the lines during final location and 
construction, more particularly if the ground is rough or densely 
wooded. For small surveys, on the other hand, true bearings need 
be used only if they can be measured from a meridian already 
established. 

Magnetic Meridian. — The magnetic meridian of a place is the 
direction indicated there by a freely floating and properly balanced 
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magnetic needle, uninfluenced by local attractive forces. Magnetic 
meridian does not coincide with true meridian except in certain 
localities, and the horizontal angle between the two directions is 
termed the Magnetic Declination, or declination of the needle. 
The amount and direction of the declination is different at different 
parts of the earth’s surface : in some places the needle points west, 
and in others, east of true north. Its value at any place may be 
determined by making observations for true meridian, or may be 
interpolated approximately by reference to published isogonic 
charts. 

Isogonic lines, or isogons, are imaginary lines passing through 
points at which the magnetic declinations are equal at a given time. 
Those through places at which the declination is zero are termed 
agonic lines. Across Great Britain and Ireland the value of the 
magnetic declination in 1931 ranges from about 11° W. at Dover to 
about 17° W in the west of Ireland, and the isogons have a bearing 
of roughly 16° to the east of true meridian. 

Variation of Declination. — The declination at any place is not 
constant, but is subject to fluctuations, which may be divided into : 
(1) regular or periodic variations ; (2) irregular variations. 

(1) This class of variation may itself be analysed into several 
components of different periods and amplitudes, but only two of 
them, secular and diurnal variation, are sufficiently pronounced 
to merit attention by the surveyor. 

(а) Secular Variation is a slow continuous swing having a period 
of several centuries. Thus, at London, previous to about the year 
1657, the declination was easterly and decreased annually. In 
1657 the needle pointed towards true north Thereafter the 
declination gradually increased westwards until 1819, when a 
maximum westerly declination of about 24|° was attained. Since 
then the declination west has been decreasing until at present, 
1931, its value at Greenwich is 12° 0' W , with an annual decrease 
of 11'. While in this country the magnetic meridian has, within 
the recorded cycle, moved from one side of true meridian to the 
other, similar records in other places show that a complete swing 
may be performed on one side of the meridian and that the range 
and period of the oscillation vary in different localities. The change 
produced annually by secular variation amounts in different places 
to from 0 to about ± 12 min., but does not remain constant at any 
place. The annual change is greatest near the middle point of the 
complete cycle, and is least as the extreme limits are reached. 

(б) Diurnal Variation is an oscillation of the needle from its mean 
position during the day. The amount of this variation ranges 
from a fraction of a minute to over 12 min. at different places, 
being greater in high latitudes than near the equator, and more 
in summer than in winter at the same place. In the northern hemi- 
sphere, the needle is east of its mean position during the night, ai\d 
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attains its maximum easterly position at about 8 a.m. It then 
moves westwards, and is farthest west from its average position 
at about I pm. The mean position of the magnetic meridian 
occurs in this country at about 10 a m , and again between 6 and 
7 p.m. The direction of the daily swing is reversed in the southern 
hemisphere. 

(2) Irregular Variations are caused by magnetic storms. A 
variation within a quarter of an hour of as much as 5° has been 
recorded, but this is very exceptional, and variations exceeding 1° 
are rare. 


Arbitrary Meridian. — For small surveys, especially in mapped 
country, any convenient direction may be assumed as a meridian 
This artificial meridian is usually the direction from a survey 
station either to some well-defined and permanent point or to 
an adjoining station It is desirable that its magnetic bearing 
should be known An arbitrary meridian has the merit of being 
invariable, and its direction can be recovered whem required if the 
station or stations defining it are permanently marked or fixed by 
ties from permanent objects If it is subsequently found necessary, 
the bearings can be converted to true bearings by the establishment 
of a true meridian. 


Designation of Bearings. — Bearings are specified on either of 
two systems of notation (a) the whole circle system , {h) the 
quadrantai system In the whole circle or 
azimuth method, bearings originate from north, 
which is marked 0° or 360°, and are measured 
clockwise from the meridian, through E , or 
90°, S , 180°, and W., 270°. In the quadrantai 
system, they are numbered in four quadrants, 
increasing from 0° to 90° from N to E , S to 
E, S. to W, and N to W Thus, if O 
(Fig. 156) IS a survey station, and ON the 
meridian through it, the bearings of the lines 
Fig 156 from 0 are • 



Line. Whole circle bearing. Quadrantai bearing. 


OA a N a E. 

OB h 8 jSE. 

00 c S. yW. 

OD d N 8W. 


Note . — Quadrantai bearings are never reckoned from the E. and W. line, 
BO that the letter which precedes the figure must bo either N or S. 

Comparative Merits of Whole Circle and Quadrantai Reckoning. — 

In the whole circle method a bearing is completely specified by 
an angle, and the convention of reckoning clockwise from N is so 
simple that the noting of the cardinal points as required in the 
quadrantai method must strike one as unnecessary trouble. The 
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former system lends itself to the measurement of bearings on a 
continuously graduated circle as fitted to the theodolite and some 
compasses The circles of many compasses are, however, divided 
in quadrants, and in using such instruments quadrantal reckoning 
IS naturally adopted. The fact that quadrantal bearings never 
exceed 90° is an advantage in extracting the values of their trig- 
onometrical functions from ordinary tables, but the alternate clock- 
wise and anti-clockwisc direction of increase of angle in the different 
quadrants is sometimes inconvenient Thus, if the true bearings 
of Fig 156 have to be converted to magnetic bearings, given that 
the declination of the needle is 16° W , each of the whole circle 
reckonings has to be increased by 16° (subtracting 360° if the 
result exceeds 360°), but in the quadrantal method the correction 
is positive in the 1st and 3rd, and negative in the 2nd and 4th 
quadrants Care must be exercised that the appropriate cardinal 
points are applied to the resulting figures 

Back Bearings. — The bearing of a line designated by the stations 
between which it lies is to be taken as that from the first station 
mentioned. Thus, in referring to the bearing of OA (Fig 156), the 
sign of the direction is from O towards A The bearing from A to 
O IS termed the back, or reverse, bearing of OA, which latter may be 
distinguished as the forward bearing By referring to a parallel 
meridian through A, it will be evident that the back and the forward 
bearings of the line differ by 180°. 

In whole circle reckoning, the back bearing of a line is obtained 
from the forward bearing by applying 180° To apply 180°, add 
when the given bearing is less than 180°, and subtract when the 
given bearing exceeds 180°. In the quadrantal system, it is only 
necessary to change the cardinal points by substituting N for S. 
and E. for W , and vice, versa Thus, if the bearing of a line AB is 
observed as 300°, or N. 60° W., the back bearing of AB, or the for- 
ward bearing of BA, is 120°, or S. 60° E 

Reduced Bearings. — In finding the values of the trigonometrical 
functions of a whole circle bearing exceeding 90°, one must refer 
in the tables to the corresponding angle, less than 90°, which 
possesses the same numerical values of the functions. This angle 
IS called the reduced bearing, and is that between the line and the 
part of the meridian, whether the N. or S end, lying adjacent to it. 
It IS therefore the angle used in the quadrantal reckoning of bearings. 

To Reduce Whole Circle Bearings . — The following rule is applied : 

If the bearing lies between 0° and 90°, no reduction is required. 

,, ,, 90° and 180°, subtract it from 180°. 

,, ,, 180° and 270°, subtract 180° from it. 

,, „ 270° and 360°, subtract it from 360°. 

It follows that the reduced bearing of a line lying due N. or S. 
is 0°, while that of a line due E. or W. is 90°. 


p.a.s. I. — M 
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FIELD WORK OF THEODOLITE TRAVERSING 

Field Party. — The minimum party consists of the surveyor and 
two chainmen, and this is sufficient for small surveys, if no clearing 
is necessary In large theodolite surveys, particularly when rapid 
progress is important, the party may consist of a chief, an instru- 
ment man, a note-keeper, two chainmen, and a few labourers, the 
number depending upon the nature of the ground. 

The chief of party directs the survey, and, in particular, recon- 
noitres the forward ground, fixes the position of stations, and sees to 
their being pegged and flagged The instrument man is responsible 
for the angular observations and notes, and the note-keeper 
directs and records all linear measurements The labourers clear 
away underbrush for the line of sight where necessary, fetch poles, 
etc., and one of them is given the duty of driving pegs and erecting 
signals. 

Equipment. — For the linear measurements, the equipment is as 
for chain surveying (page 127) In theodolite traversing, the steel 
band is to be preferred to the wire chain, because the linear work 
usually contributes more than the angular observations towards 
the total error. 

The theodolite should be a transit of 4-in. to 6-in size, with either 
vernier or microscope reading Except in city work, a prismatic 
compass may be carried for use on subsidiary traverses. By includ- 
ing traverse or trigonometrical tables in the miscellaneous equip- 
ment, the accuracy of closed circuits can be tested before leaving the 
field. 

Selection oi Stations. — As in linear surveying, considerations of 
easy chaining and short offsets should be given due weight An 
unobstructed view between adjacent stations is necessary for the 
instrumental observations, and, where possible, stations should be 
arranged to permit of check sights (page 173). The ground at 
stations should be firm to afford an unyielding support for the in- 
strument, and should be moderately level rather than on a steep 
slope. Unless in exceptional circumstances, stations should not 
be established in situations, such as on roads, streets, or railways, 
where the observations will be delayed, and the instrument possibly 
endangered, by passing traffic. 

Stations may be marked by pegs as described on page 138, but 
more permanent marks are often required for some or all of the 
stations of a traverse. These may take the form of a bolt or spike 
set in a block of concrete or a large stone. Reference marks to aid 
in the recovery of the station point should be established in its 
vicinity, their distance and bearing from the station being measured. 
The notes should include a detailed description of the site of each 
station with particulars of the reference marks. 
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Order of Field Work, — ^If the party is small, it is preferable in 
minor surveys to complete the observation of bearings before the 
chaining is begun, or vice versa. Extensive surveys may be made 
in sections in the same manner. A full party, however, is divided 
into two groups, the first selecting stations, clearing, and observing 
bearings, while the other follows with the chaining. 

Theodolite Observations without Reference Meridian.— The hori- 
zontal angles measured at the several stations may be either (a) 
included angles, (h) deflection angles. An included angle is either 
of the two angles formed at a station by two survey lines meeting 
there A deflection angle is that which a survey line makes with 
the preceding line produced beyond the station occupied, and its 
magnitude is the difference between the included angle and 180°. 

The minimum routine to be adopted for the observation of in- 
cluded angles is given on page 70, and it is often sufficient in small 
surveys when the linear measurements are made by ehain. It is, 
of course, preferable, especially in hilly country, to observe each 
angle “ face right ” and “ face left ” (page 85) and to read both 
verniers, not only to minimise the effects of instrumental error, but 
also to provide a check against mistakes in reading. In measuring 
deflection angles, having bisected the back station by using the 
lower clamp and tangent screw, the telescope is transited, and is 
then pointed to the forward station by means of the upper clamp 
and tangent screw. The measurement is either right- or left-hand 
from the production of the back line Included angles can be 
measured clockwise or counter-clockwise from either the back or 
the forward station, but it is well to adhere to the regular routine 
of measuring from the previously occupied station and in a clock- 
wise direction, since the graduations of the theodolite circle increase 
in this direction This does not necessitate that the telescope should 
always be turned clockwise, although it is better to wheel it in a 
constant direction. Figs 157 and 158 show that, in a closed polygon. 




Stations occupied in order A H Q-- 


Fia. 168. 


angles measured clockwise from the back station are either interior 
or exterior according to the direction of progress round the survey. 
Interior angles are obtained by proceeding counter-clockwise round 
the figure, but these will be exterior to subsidiary circuits as at C and 
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D. Whether included or deflection angles are observed, the notes 
must always include a sketch showing clearly the angles measured. 

Included angles are to be preferred to deflection angles. The 
latter are sometimes used in railway surveys, in which a series 
of traverse lines may make small deflection angles with each other, 
but they are open to the objections that right- and left-hand angles 
may be confused in booking and that the transiting of the telescope 
introduces possible errors of non-adjustment if observations are not 
made on both faces. 

Observation of Bearings. — ^The routine at the initial station of 
the survey differs from that at the remaining stations in that the 
observations are there directed to referring the first survey line to 
the meridian. At the second station the bearing of the second line 
is measured only indirectly from the meridian by making use of 
the known bearing of the first line. The observations at the subse- 
quent stations are similar to those at the second To avoid repetition 
in the following descriptions of the observations, it is supposed that 
a single measurement only of each bearing is made, but the observa- 
tions may be duplicated by being taken on both faces of the instru- 
ment. 

Procedure at Initial Station. — ^Having set the theodolite over the 
station, and performed the other temporary adjustments, the sur- 
veyor must proceed to orient the instrument with respect to the 
meridian selected. The theodolite is said to be oriented when the 
horizontal circle is clamped in such a position that the vernier 
reads zero when the line of sight is directed along the meridian. 
On pointing the telescope in any other direction, the same vernier 
will record the whole circle bearing of the line from the station to 
the object observed, provided the lower plate remains undisturbed. 
The manner of orienting the instrument depends upon the meridian 
adopted. 

Orienting on True Meridian. — In establishing true meridian at 
the initial station, what is determined, as the result of calculation 
based upon the astronomical observations, is the true bearing of 
a line from the station to a reference mark or signal 
M set up for the purpose. As illustrated in Fig, 159, 

\ jT the point M has been used in this manner, and the 

\ true bearing of AM is computed The necessity for 

\ / making astronomical observations is sometimes 
obviated when working in a country provided with 
a system of trigonometrical stations established by 

Fig. 169. the State. If one of these is conveniently near the 
survey, it may be used as the initial station A, and 
the true bearing from A to the next trigonometrical station M is 
extracted from the published tables of positions. 

To orient the theodolite by use of the bearing AM, one of the 
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verniera is first set to read that bearing, and the vernier plate is 
clamped to the circle. With the lower clamp slack, the telescope 
is then turned towards M. When M appears near the intersection 
of the hairs, the lower clamp is tightened, and the line of sight is 
brought exactly on the signal by the lower tangent screw. This 
completes the orientation, since the vernier still reads the true 
bearing of the line along which the line of sight is directed. Under 
these conditions, if the upper clamp is released, and the circle is kept 
fixed, the telescope will point towards true north when the vernier 
IS set to zero or 360°. To observe the bearing of the survey line 
AB, the telescope, carrying the vernier plate with it over the fixed 
circle, is directed to B by the upper clamp and tangent screw. 
The bearing is then read off on the vernier previously used. 

Orienting on Magnetic Meridian. — In orienting from magnetic 
meridian, reference is made to the compass on the theodolite. 
The compass box, if of circular form, is mounted on the vernier 
plate, as in Eig. 53, while the trough pattern is either connected 
to the vernier plate by being screwed to a standard or is attached to 
the lower or graduated plate. In the case where the compass is 
connected to the vernier plate, the line joining the N. and S. gradua- 
tions in the circular form, or that joining the zeros of the scales in 
the trough form, bears a fixed relationship to the line of sight of the 
telescope, and is intended to be parallel to it. When the compass 
is attached to the lower plate, the line of zeros is parallel to the line 
of sight only when the horizontal verniers read 0° and 180° respec- 
tively 

To orient, with either arrangement, the vernier is first set and 
clamped to zero, the lower clamp being slack The needle is then 
lowered upon its pivot, and the instrument is turned about the outer 
axis until the N. and S graduations are brought opposite the ends 
of the floating needle The lower clamp is then tightened, and the 
lower tangent screw is used to bring the zero graduation to exact 
coincidence with the point of the needle The instrument is now 
oriented, since the line of sight is directed towards magnetic north 
while the vernier reads zero. To observe the bearing AB, it is only 
necessary to set the line of sight on B by means of the upper clamp 
and tangent screw, and note the reading of the vernier previously 
set to zero. The result of the observation may be checked by a 
glance at the reading of the north end of the needle in the circular 
box form. 

Notes. — (1) It 18 to be noticed that when the needle rests on its pivot, the 
instrument can be rotated about it without disturbing its direction. 

(2) The needle cannot be set properly if it is looked at from one side. The 
eye should be in the vertical plane of the needle as nearly as possible, 

(3) When the plate has been oriented, the telescope may be pointing south, 
in which case it must be transited before observing bearings. 

(4) While the needle of a trough compass is more sensitive than the shorter 
needle of a circular box, neither is capable of defining the meridian with the 
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refinement with which angular measurements can be made by the theodolite. 
This IS not highly important, since m theodolite surveys, as distinct from 
compass surveys, the bearings of all lines after the first are measured from 
the bearing of the first line, and the needle is consulted at subsequent stations 
only as a check Inaccurate orientation at the first station therefore merely 
turns the whole survey through a small angle, but does not distort it. 

(5) If the value of the magnetic declination is known, the needle may be 
used for approximately orienting to true meridian by setting off the declina- 
tion It is, however, better, as regards facility for applying the compass 
check, to adhere to magnetic bearings in the field, subsequently converting 
them to true bearings if required 

Orienting on Arbitrary Meridian. — Having set and clamped the 
vernier to zero, it is only necessary to sight the object or station 
defining the direction from A of the adopted meridian When the 
signal is bisected by the use of the lower clamp and tangent screw, 
the circle is oriented The upper clamp is then released, and bearing 
AB is observed as before 

Procedure at Second and Subsequent Stations —The routine at 
these stations is independent of the meridian adopted, but several 
methods of observation are available, as follows 

(1) By carrying forward the bearing 

(а) Direct method involving transiting of the telescope. 

(б) Direct method without transiting 

(c) Back bearing method 

(2) By measurement of angles 

(а) Included angles 

(б) Deflection angles. 

Carrying Forward the Bearing. — While the measurements in 
these methods are virtually those of the angles between the lines 
meeting at the various stations, the instrument is so manipulated 
that the required whole circle bearings are read directly on the 
vernier In following the methods, it is necessary to distinguish 
between the two horizontal verniers They are designated here 
as 1 and 2, the former being supposed used at the initial station. 
If they are not given distinctive marks on the instrument, they can 
easily be distinguished by their positions with respect to the vertical 
circle or a plate level. 

In each of the three methods, after observing the bearing of AB 
from A, the lower clamp is released, and the instrument is carried 
to B with vernier 1 kept clamped at the reading obtained. ‘ A signal 
is left at A. 

Direct Method with Transiting.— (a) Set up and level the instru- 
ment at B. See that vernier 1 still records the bearing AB. If the 
plate has slipped during transfer of the instrument, correct the 
reading by the upper tangent screw 

(6) By using the lower clamp and tangent screw, sight back on A. 
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(c) Transit the telescope. The line of sight has now the same 
direction as it had at A, and vernier 1 still records the bearing AB. 
The instrument is therefore oriented. 

(d) Bearing BC can now be observed by releasing the upper 
clamp and sighting C, the upper 
tangent screw being used in 
bisecting C. Vernier 1 now 
records the bearing BC. 

(e) This reading being main- 
tained on the vernier, the instru- 
ment is transferred to C, and the 
routine is repeated On tran- 
siting at C, the instrument is 
returned to the same face as 
was used at A 

Example — Fig 160 illustrates 
the case where the bearings of 
AB and BC are respectively 40° 
and 330° It will be seen that, 
on taking the backsight BA, the 
verniers occupy the same positions relative to the telescope as 
at A, but, since the telescope is at 180° to 
its previous direction, the orientation of 
the circle is 180° different from what it was 
at A This is neutralised on transiting the 
telescope To bring the telescope into the 
position shown dotted, in order to sight C, 
it must be turned counter-clockwise through 
70°, or clockwise through 290°, either 
movement resulting in vernier 1 (shown in 
black) being brought opposite the reading 
330° as required. 

Direct Method without Transiting. — The 

manipulation of the instrument at B is 
similar to that in the previous method, 
except that the telescope, instead of being 
transited after the backsight is taken, is 
turned directly on to C. The difference of 
180° in the orientation of the circle at B 
from its orientation at A therefore remains 
uncompensated, and the reading of bearing 
BC on vernier 1 is 180° out A correction 
of 180° has therefore to be applied to the 
reading or readings taken at B, adding 
Fig 161 the correction if the observed value is less 

than 180°, and subtracting if the reading 
exceeds 180°. At C the orientation, being 360° out, is correct, an4 
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the results need no adjustment The application of 180° is there- 
fore necessary only at the 2nd, 4th, 6th, etc , stations occupied. 

Example — Fig. 161 shows this system applied to the previous 
case To sight C from B, the telescope must now be turned through 
110° clockwise, or 250° counter-clockwise, and vernier 1 then reads 
150°, which falls to be increased by 180° Following the process 
to station C, let the bearing CD be 20°. After backsighting on B, the 
rotation necessary to bring the telescope into the position shown 
dotted, in order to sight D, is 130° counter-clockwise, or 230° 
clockwise, and the vernier then reads 20° 

Notes — (1) Some surveyors adopt the routine of rcadiiiK oyiposite vornieis 
alternately to eliminate the 180'’ rorroction, hut it is simpler to read one 
vernier throughout and note the coirerted values 

(2) Notwithstanding that a numbor of sucressive instmment stations may 
he in the same straight line, the rorieetion must be applied at alternate 
stations 

Back Bearing Method. — (a) Set up and level the instrument at 
B as before 

(6) Before sighting back on A, set vernier 1 to read the back 
bearing of AB, and fix the upper clamp 

(c) By using the lower clamp and tangent screw, sight back on 
A The instrument is now oriented, since vernier 1 records the 
bearing BA, along which the line of sight lies 

(d) Release the upper clamp, and, without transiting, direct the 
telescope towards C Clamp, and adjust by the upper tangent screw 
Vernier 1 records the bearing BC 

(c) Apply the same method at all the subsequent stations. 

Example — Fig 1 62 shows that, on back- 
sighting with vernier 1 set to the back 
bearing, the circle has exactly the same 
orientation at B as at A To turn the 
telescope into the dotted position for 
sighting C, the same rotation is required 
as in the last case, but vernier 1 gives the 
required bearing directly. 

Precautions in Carrying Bearings For- 
ward. — (1) It is necessary to guard 
against using the wrong clamp and tan- 
gent screw. The routine at all stations 
consists of the two steps : (a) orientation 
by backsighting ; (6) measurement of a 
bearing or bearings. In backsighting, only 
the lower clamp and tangent screw must be used to bring the 
intersection of the hairs on to the signal, and these must not 
be touched again until the observations at the station are com- 
pleted. 

(2) If the telescope is set upright in carrying the instrument, it 
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should be restored to its previous position before backsighting. 
Confusion may arise by inadvertently transiting 

(3) When several bearings are measured from one station, the 
round of bearings should be completed by observing the backsight 
a second time in order to detect possible movement of the circle 
The observation to the station to be next occupied may then bo 
repeated, so that the vernier may be left at the required reading. 

Relative Merits of Methods of Carrying Bearings Forward. — In 

point of speed there is little difference between the three methods, 
as the time occupied in the first two in checking the vernier reading 
before backsighting is not much less than that required for setting 
the back bearing The first method is probably the most mechanical, 
but, if only single observations are made, the transiting of the tele- 
scope introduces possible errors of non-adjustment, and in respect 
of accuracy the others are preferable On the whole, the second 
method is the most satisfactory The necessity for applying 180° 
at every second station is not likely to lead to error, as an omission to 
apply the correction is easily traced 

Bearings from Angles. — Whether included or deflection angles 
are measured, the procedure at the second and subsequent stations 
is precisely the same as when working without a reference meridian 
(page 163) The bearing of the first line, however, is measured, 
and those of the remaining lines are computed from it by applying 
the angles This is best performed with the aid of a sketch roughly 
in proportion If a meridian is drawn through each station, the 
equality of the alternate angles, a (Fig 163), due to the parallelism 
of successive meridians suggests the manner of using the data 

The calculation may be formulated as 
follows 

Let AB — the known bearing, 

BC =the required bearing, 
c = the clockwise angle ABC, 
rf =the deflection angle. 

(1) Bearing BC= Bearing BA +c, 

(subtracting 360° if the result exceeds 360°) 

(2) Bearing BC = Bearing ABj^rf, 

(using the + sign if d is clockwise from AB produced, and the — 
sign if d IS counter-clockwise, as in Fig. 163 ; and adding 360° if 
the result is negative, and subtracting it if the result exceeds 360°). 

Quadrantal bearings should be converted to whole circle reckon- 
ing before applying the formulaB. 

In the reverse process the formulae become ■ 

(3) c = Bearing BC— Bearing BA, 

(adding 360° if the result is negative). 

(4) d = Bearing BC— Bearing AB, 

(if d is positive, it is clockwise from AB produced). 



Fig. 163. 
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Survey of Detail. — The bulk of the detail is located by offsets, 
but the radiation, or angle and distance, method is available for 
detail near instrument stations. In this, bearings to the various 
points are observed, and the lengths of the radial lines from the 
instrument are measured. Unimportant detail and distant and in- 
accessible points may be fixed by the intersection of bearings from 
two instrument stations 

In city surveying, where there is a large amount of detail, the 
best procedure is to survey only the frontages of the buildings 
during the running of the traverse lines The miscellaneous detail 
can be subsequently located from the buildings and from subsidiary 
traverse lines projected where possible towards the back of the 
main buildings This system is particularly advantageous if the 
mam survey has to be executed during the night, when traffic is 
suspended. 

Note-keeping. — The field notes should always include a sketch 
of the framework of survey lines, roughly to scale, so that the 
relative directions of the lines may be shown approximately cor 
rectl^ The stations should be lettered or numbered on the sketch, 
and the observed values of the angles or bearings may be noted in 
their proper places In the case of bearings from which co-ordinates 
are to be calculated, it is preferable to enter the results in tabular 
form as they arc observed The booking of offsets is performed 
exactly as in chain surveying 

ERRORS 

Sources of Error in Theodolite Traversing. — Errors of linear 
measurement arc dealt with on page 132 Those to which the 
angular observations are liable may be treated as 

(1) Instrumental errors , 

(2) Errors and mistakes in setting up and manipulating the 
instrument ; 

(3) Observational errors ; 

(4) Errors due to natural causes 

1, Instrumental ESrrors. — The effects of residual errors of adjust- 
ment, as well as of non-adjustable errors, can be satisfactorily 
reduced only by the adoption of a system of multiple observations, 
either on the repetition or direction principle (Vol II, Chap. III). 
In employing any of the methods which have been described above 
for carrying forward the bearing, it is advisable to measure each 
bearing twice, face right and face left, and to read the opposite 
verniers at each observation. It is unusual to take more than one 
face right and one face left observation in ordinary traversing ; 
but if the work is required to be of a precise character, and suitable 
precautions are taken in the linear measurements, a greater number 
of angular observations are taken for averaging. In such a case. 
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the included angles between the lines should be measured, the 
bearings being deduced from the average values . In thus endeavour- 
ing to obtain results of superior accuracy with a small theodolite, 
the necessity for rigidity and stability in the instrument and tripod 
must be recognised. 


2. Errors of Manipulation. — (a) Defective Centering — If the centre 
of the instrument is not vertically over the station point, the angle 
or bearing is not measured from the point to which it is presumed 
the foresight has previously been taken. The angular error pro- 
duced depends upon the error of centering, the lengths of sights, the 
magnitude of the angle being measured, and the position of the 
instrument relatively to the station and the points sighted, no error 
being introduced if the four points are concyclic Under the worst 
circumstances, an error of centering of about Jth in may produce 
an error of 1 min in the angle measured if the sights are only 100 ft. 
long, but centering would have to be at least 9 in out to produce 
a similar error with sights a mile long Considering the ease with 
which centering may be performed, the error is not likely to be 
appreciable in ordinary work, except in very short courses [cf. 
page 259) 


(6) Defective Leveling — Careless levelling, particularly of the 
plate level perpendicular to the telescope, may be productive of 
more serious error than the last, especially if the points sighted are 
at considerably different elevations In the absence of a striding 
level, the trunnion axis of the telescope is made horizontal by 
reference to this plate level Although the plate levels are in 


adjustment, and the levelling of the instru- 
ment has been carefully performed, unequal 
settlement may cause the bubbles to move 
out of centre, and, if the instrument is not 
relevelled, the dislcvelrnent of the horizontal 
axis introduces error whenever the inclination 
of the telescope is changed 

Let e be a small angular error of dislovel- 
ment of the horizontal axis, or the inclination 
to the vertical of the plane in which the line 
of sight travels when the telescope is elevated 
or depressed If a sight is taken from A 
(Fig 164) to an object B at an inclination of 
a to the horizontal, the direction AB or AC is a 



erroneously recorded by the horizontal circle 
as AD, since a horizontal line of sight has to 
be placed along AD in order that B may be bisected on elevating 
the telescope. The error of direction is therefore 


^ , CD ^ - L tan a tan e ^ . . n 

tan“^ — = tan“^ = e tan a, since e is small. 

AC L 


The error in the value of an angle or bearing is the algebraic 
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difference of the errors developed in the backsight and foresight, so 
that the greater the change of inclination of the telescope for the 
two observations the greater is the error. In the most precise 
angle measurements corrections arc computed from the striding 
level readings (Vol. II, Chap. III). 

(c) Shy — Observations are vitiated if the orientation of the 
instrument is disturbed by the instrument turning ■ (a) on the tripod 
head by not being screwed firmly home, so that it slackens back , 
(6) on the lower parallel plate of a four-screw head by the levelling 
screws not being turned until they grip , (c) by neglecting to clamp 
a shifting head , {d) by insufficient tightening of the lower clamp 

(d) Using Wrong Tangent Screw — If the upper tangent screw 
has been used in backsighting, the mistake will be discovered by a 
glance at the vernier before sighting forward, but the mistake of 
turning the lower one m bisecting the forward signal is not evidenced 
until a check sight reveals a discrepancy 

3. Observational Errors. — ^Thesc consist of errors and mistakes in 
sighting and reading. 

(a) Inaccurate Bisection of Signal — This may occur through 
defective vision or carelessness, particularly as regards the elimina- 
tion of parallax The bisection of a pole should always be made at 
the point of intersection of the hairs, as the vertical hair may not 
be truly vertical 

(h) Non-verticality of Signal — Poles should always be sighted as 
far down as possible When the foot cannot be seen, there is every 
likelihood of error being introduced through non-verticality, 
unless the pole has been tested by plumb line The error is of very 
common occurrence, and since the error of direction of the line 

... , error of verticality . . 

of sight, mz tan ^ ; , is inversely proportional to 

distance 

the distance, particular care is necessary with short sights. A 
deviation of 1 in in the position of the point sighted produces at a 
distance of 100 ft an error of bearing of nearly 3 min. 

Whether the error is caused by non-verticality or by the signal 
not having been erected at the point intended to be used as an 
instrument station, its effect may be eliminated by centering the 
instrument at the forward station with respect to the point to 
which the foresight was taken. 

(c) Errors of Reading. — The precautions to be observed in 
reading verniers and micrometers have been dealt with on pages 40 
and 68. 

4. Errors due to Natural Causes. — Wind. — It is impossible to per- 
form accurate work in a high wind because of the vibration of the 
instrument If careful centering is required, the plumb bob and line 
must be sheltered. 
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High Temperature — On hot sunny days the heating of the 
ground during the midday hours causes warm air currents to 
ascend, and the irregular refraction produced gives rise to an ap- 
parent trembling of the signal near the ground. The effect is 
avoided if the line of sight is at all points above the disturbance, 
which may be taken as appreciable only within a height of 3 ft. 
from the ground. 

The effect of the sun shining on one side of the instrument is 
to throw it out of exact adjustment, but in ordinary traversing 
uncompensated errors from this source are negligible 

Haze . — A hazy atmosphere increases the probability of inaccurate 
bisection of the signal, and may necessitate a suspension of the 
work. 

Field Checks in Closed Traverse. — Let AB. . .KA (Fig 165) be a 
closed circuit. If there is no intervisibility except between adjacent 
stations, then, on proceeding from the initial station A and carrying 
the bearing forward to B, C, etc , all the bearings will have been 
determined when the observations at K 
are completed The instrument should, J 
however, be again set up at A, and the 
bearing AB read from a backsight on 
K. Any difference between the now 
observed value of bearing AB and that 
first determined represents the angular 
error accumulated in the circuit. More ^ 
usually the bearings of both AK and 
AB will be determined at the first 
occupation of A, and the error is discovered at K by comparison of 
the value of bearing KA with that previously obtained for AK. 

The magnitude of the angular closing error will reveal whether 
any gross mistake has occurred If the error is appreciably greater 
than that to be expected from accidental errors of angle measure- 
ment, the observations must be repeated. It is therefore desirable 
to be able to detect a mistake as soon as committed, or at least to 
localise it, so that it may be discovered and eliminated without 
undue additional labour. The following methods of checking are 
directed to this end. 

Double Observations . — The method of obtaining each bearing from 
observations on both faces of the instrument is valuable because it 
reduces the effects not only of instrumental error but also of 
accidental errors of observation. On completing the backsight at 
each station, the same face is used in sighting the forward station or 
stations. The telescope is then reversed, the circle is oriented by a 
backsight on the opposite face, and the foresights are repeated. 
The method should always be used on an extended traverse. It is 
not regularly applied in small closed surveys, but the precaution 3 
(page 169) should always be adopted. 




174 


PLANE AND GEODETIC SURVEYING 


Cross Bearings. — In place of checking the measurements at each 
station, possible mistakes may be localised if the survey is divided 
up by observing cross bearings between such non-adjacent stations 
as are intervisible. Thus, in Fig 165, the signal at D being visible 
from A, a measurement of bearing AD is included in the observa- 
tions at A. On reaching D, after having occupied stations B and C, 
a sight is taken on A, and, if the bearings DA and AD differ by 180°, 
the circuit observations up to D are checked. Cross bearings CG 
and GK similarly serve to verify the angular work from C to G and 
from G to K respectively. 

Check bearings are also useful for the location of a mistake in 
the linear measurement When the magnitude of the closing error 
shows that a mistake in chaining has occurred, each of the com- 
partments into which the survey is divided by the cross bearings 
can be tested for closure either by means of co-ordinates or by 
plotting It will then be seen which portion of the circuit is affected 
by the mistake. 

Compass Check. — If the theodolite is fitted with a circular com- 
pass box, a reading of the compass affords a rough but useful check 
on each observation If the bearings are being referred to magnetic 
meridian, the compass readings should be the same as the observed 
bearings , otherwise the difference should be the constant angle 
between the magnetic and reference meridians. The compass is 
insufficient to check the bearings nearer than to about half a 
degree, but it serves to show up serious mistakes, and the 
check should not be neglected if opportunities for taking cross 
bearings are few. The trough form of compass is less direct in 
this respect, but serves to verify the orientation of the instru- 
ment in terms of magnetic meridian, except at those stations 
where the orientation of the circle is 180° from that at the initial 
station. 

Included Angles, — If measurement is made of the angles between 
the lines instead of their bearings, the angular closing error is found 
at the last station occupied by comparing the sum of the interior 
included angles with (2n- 4) X 90°, where n is the number of stations 
in the circuit. 

Deflection Angles — If deflection angles are measured round a 
closed figure, the difference between the sum of the right-hand 
angles and that of the left-hand angles should equal 360°. 

Linear Measurement. — A check on the accuracy of the linear 
work can be secured in the field only by adopting a system of 
double measurement The two measurements should preferably 
be of similar precision and in opposite directions. If time does not 
permit of this, check measurements by tacheometry, or even by 
pacing, will serve to detect gross mistakes. If no field check is 
applied, the degree of consistency in the linear work will not be 
known until the closing error is computed. 
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Field Chedcs in Unclosed Traverse. — In the case of unclosed 
traverse, opportunities may present themselves of observing check 
bearings as in closed traverse. Thus, in Fig. 166, illustrating part 
of an enclosed traverse, if E is visible from A, bearing AE may be 
observed from A, and, on reaching E, the orientation of the instru- 
ment and the angular work between A and E will be checked by a 
backsight on A The forward and back bearings between E and 
H serve to check the carrying forward of the bearing from E to H. 
Mistajies in the linear work may also be discovered by means of these 
check bearings on computing the co-ordinates or on plotting. 


An alternative method consists in observing at intervals the 
bearing to a prominent object to one side of the traverse. Thus, in 
Fig 166, the bearing of a point P is observed ^ 

from stations such as A, E, and H The co- /j\ 

ordinates of P are obtainable from the observed / / 1 

parts of figure ABCDEP. A computed value /' 1 

of bearing HP is derived from the co-ordinates / Y 

of H and P, and agreement between this value /' 
and that observed serves to test the traverse 

from A to H If the co-ordinates are not 

computed, the check may be applied on the \ i 

drawing by trying if the rays from A, E, and H \ j / 

intersect in one point '\ I 

Practically, it will rarely be possible to \ j 

maintain either of the above systems of check- I I 

ing throughout the complete survey. Double j y® 

observation of each bearing and distance is \ y 

therefore specially desirable in unclosed traverse 
to avoid the carrying forward of a gross mistake. Fia. 166. 

A thorough check is afforded in the case 
where the traverse is run between the stations of a refined triangu- 
lation Constant errors as well as inconsistencies in the linear 


Fia. 166. 


measurements then contribute towards the closing error, which 
may be regarded as a real index of the quality of the work. 

In the case of very long unclosed traverses which do not proceed 
from and terminate on triangulation stations, recourse is had to 
astronomical checks Errors of bearing are kept within narrow 
limits by frequent observations for azimuth, but the checking of 
the linear work involves observations for latitude or, in the case of 
surveys running nearly east and west, for longitude difference. The 
precision with which these quantities can be determined by the 
usual field methods is insufficient to afford a real check on the 


distance between the places of observation, unless the latter are at 
sufficiently wide intervals to permit of the propagation of a con- 
siderable error in the traverse (Vol. II, Chap. VI). 


Allowable Error of Traverse. — It is difficult to estimate the 
probable errors in position of the stations of a traverse survey, since 
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the linear and angular measurements, particularly the former, are 
affected by constant as well as accidental errors. 

If the constant errors of the angular work of theodolite traverse 
are treated as negligible, then, since each bearing is derived from 
the preceding one, the probable error of bearing of any line equals 
the square root of the sum of the squares of the probable errors of 
the angles measured in carrying the bearing from the initial station 
to that line. With a 5-in vernier theodolite, the probable error of 
each angle may be taken as lying between the limits, 10" and 40", 
its value depending upon the quality of the instrument, refinement 
of vernier reading, precision of centering, routine of observation, 
nature of signals, length of sight, state of atmosphere, and the 
personal factor In reality, the method of observation used in 
small traverses is insufficient to ensure the elimination of cumu- 
lative errors, such as those due to imperfect adjustment of the 
instrument, and errors of bearing are likely to be greater than those 
given by the law of probable error In the case of compass travers- 
ing, since an error of bearing is not earned forward, the probable 
error of each bearing should be the same, so long as the conditions 
for sighting are constant. 

If the traverse were affected only by errors of bearing, each 
station would be displaced relatively to the preceding one in a 
direction lateral to that of the line joining them and by an amount 
given by the product of the error of bearing by the length of the 
line. Errors of linear measurement cause a displacement along the 
line by an amount proportional to the square root of the distance 
for accidental errors and proportional to the distance in the 
case of constant errors. The values of both these errors are difficult 
of estimation The actual error of closure of a closed traverse is an 
imperfect index, since it is unaffected by purely constant errors, but 
only by variation in the cumulative errors and by accidental errors. 
To enable a satisfactory estimate to be formed of the probable 
amount of accidental error developed, the linear measurement would 
have to be performed with a degree of consistency seldom or never 
attempted in traversing. 

In setting limits of allowable error, we must therefore be guided 
entirely by the results obtained in practice. For a closed traverse 
executed with a 5-in, vernier theodolite and chain, the ratio of the 
error of closure (page 184) to the perimeter of the traveme should 
not exceed 1/2,000 in moderately easy country, but will probably 
have a greater value if the ground is rough or the lines very short. If 
the steel band is used, the ratio of error should be only half as 
great, and may be less than 1/10,000 under favourable conditions, 
as in city surveying. The actual displacement of any point in an 
unclosed traverse, or of an intermediate point on a closed circuit, 
would be expected to have a greater ratio to the length of traverse 
up to it on account of the influence of i3onstant errors of linear 
measurement. 
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COMPASS TRAVERSING 

In theodolite surveying, direct reference is made to the meridian 
at the initial station only, and from the observed bearing of the 
first line those of the others arc obtained mechanically or by calcu- 
lation by the methods already described In compass surveying, 
on the other hand, every bearing may be observed directly from 
magnetic meridian, established at each station by floating the 
needle Alternatively, those forms of compass which are fitted 
with a vernier, connected with the line of sight and moving over a 
fixed graduated circle, can be used in th(' manner of a theodolite to 
measure angles and to carry forward the bearing, the needle only 
being consulted as a check at stations after th(‘ first These two 
methods of compass traversing are distinguished as free needle and 
fixed needle surveying. 

Fixed Needle Surveying. — In deciding upon which of the two 
systems to adopt, consideration may be given to the following. 

Advantages of Fixed Needle Work — (1) The precision attainable, 
although inferior to that of theodolite surveying, is greater than in 
free needle working 

(2) Readings arc not influenced by local attraction. 

Di8adva7itages — (1) Most forms of vernier compass are heavier 
and less portable than those adajited for free needle observations 
only 

(2) The time taken to observe is greater than in free needle work. 

The fixed needle system is used extensively in mine surveying, 
but the general surveyor has recourse to the compass only in cases 
where lightness of equipment and speed are of greater account 
than refinement of observation For this reason, the free needle 
method is that more generally followed As the methods of observa- 
tion used in theodolite surveying (other than that involving transit- 
ing of the telescope) are equally applicable to fixed needle surveying, 
the latter need not be further considered 

Relative Merits of Theodolite and Free Needle Surveying. — 

Advantages of the Com'pass, — (1) Some forms, notably the prismatic 
compass, are very light and portable 

(2) Observations are more rapidly completed than with the 
theodolite. 

(3) Each bearing is determined independently of the others, and 
errors do not accumulate, but tend to compensate. 

(4) The bearing of a line can be observed from any point on it. 

(5) Intermediate points can be established quickly on a long 
line of known bearing which cannot be ranged completely from one 
end 

(6) The bearings of all the courses of a traverse can be observed 

P.O.S. I. — N 
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by occupying every second station only, but this procedure is not 
recommended because of the possibility of local attraction 

Disadvantages — (1) Under the best conditions, readings cannot 
be relied upon to closer than about 10 min The uncertainty 
arises both in the estimation of the position of the needle and in 
the existence of diurnal variation (page 159) 

(2) Precautions must be taken against the effects of local attrac- 
tion 

Application of Compass Surveying. — The portability of the com- 
pass makes it specially suitable for reconnaissance and exploratory 
surveys, where rapidity of observation is important Short compass 
traverses may, however, be introduced with advantage between 
stations of a theodolite survey for the rapid survey of detail which 
need not be recorded with a high degree of precision The time saved 
by using the compass in place of the theodolite is greatest when 
survey lines have to be short on account of obstructions or irregu- 
larities of detail The method is therefore suitable for tracing 
streams, particularly in wooded gorges, irregular shore lines, clear- 
ings in woods, etc 

Local Attraction. — The magnetic needle does not record the 
direction of magnetic meridian when under the influence of attract- 
ing bodies in its vicinity Local attraction, as it is termed, may 
arise from mineral deposits in the ground, particularly magnetic 
iron ore, but is also caused by the proximity of steel structures, 
rails, electric cables conveying current, fences, lamp-posts, iron 
pipes, etc Care should be exercised to see that the chain, clearing 
axes, and similar articles are at a safe distance from the needle, 
and that the observer has no sources of attraction, such as keys, 
knife, etc., about his person. The possibility of local attraction 
is much greater in cities than in the country, but in no case can 
compass bearings be regarded as reliable unless the routine of 
observation is designed to detect its presence and eliminate its 
effects. 

Detection of Local Attraction. — To test for local attraction, it is 
only necessary to observe the bearing of each line from both its 
end stations If the forward and back bearings differ by 180°, it 
may be taken that no local attraction exists at cither station, 
provided the compass is free from instrumental error and that 
no mistake is made On flnding that the back bearing does not 
agree with the forward bearing within the limits of permissible 
error of reading, the latter should be checked if it is thought improb- 
able that the disagreement proceeds from local attraction. The 
discrepancy may have been caused by avoidable attraction from 
articles on the person, chains, etc. If not, local attraction exists 
at one or both stations, and the two bearings should be noted for 
subsequent correction. 
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Elimination of Effects of Local Attraction. — The deflection of the 
needle at a station under the influence of local attraction causes 
the bearings read there to originate from a direction other than 
magnetic meridian The error is the same for each bearing read at 
the station, and from the erroneous bearings the true included 
angles at the affected stations can be deduced in the usual manner. 
Starting from a bearing unaffected by local attraction, and apply- 
ing these included angles, the correct bearings are obtained. 

A more rapid method of correction is illustrated in the following 
example 


Line 

Observed 

Bearing. 

Correction. 

Corrected 

Bearing 

A I '] 

^ 19 '^ 

-2r 

3161“ 

AB 

Tir 

-2J° 

70J“ 

BA 

252“ 

-ir 

2501“ 

BC 

.349“ 

-ir 

3471“ 

CB 


0 

1671“ 

CD 

2981“ 

0 

2981“ 

DC 

1184“ 

0 

118J° 

DE 

229“ 

0 

229“ 

ED 

48° 

-hi" 

49° 

EA 

1351° 

-fl" 

1361“ 


The readings have been estimated to the nearest and the bearing 
of each line has been observed twice, the first letter in the designa- 
tion of the line showing the station of observation On examining 
the values of the observed bearings, it will be seen that only in the 
case of the line between C and D are the forward and back bearings 
consistent It may therefore be taken that stations C and D are 
both free from local attraction Consequently all bearings observed 
at C and D are correct, and their values are transferred to the 
third column. Now, since the correct bearing of DE is 229°, that 
of ED must be 49°, but, as it was read as 48°, station E is influenced 
by local attraction, and a correction of +1° must be applied to all 
readings taken at E. The corrected bearing of EA is therefore 
136J°, and consequently that of AE must be 316J°, giving a cor- 
rection for station A of — 2|°. On applying this correction, and 
obtaining the adjusted value 70J° for bearing AB and 250J° for 
BA, the correction at station B is found to be — 1 J°, so that bearing 
BC should be 347^°, which agrees with the reading CB taken at the 
unaffected station C. 

Notes — (1) If the bearings are expressed quadrantally, care must be exer- 
cised to apply the corrections in the proper direction, since the numerical 
values of bearings increase clockwise m the Ist and 3rd quadrants and counter- 
clockwise in the 2nd and 4th Positive corrections are applied clockwise, and 
negative corrections counter-clockwise Expressed m quadrantal reckoning, 
the above table becomes — 


AE 

N 41° 

W 

-21° 

N. 431° W. 

AB 

N. 72i° 

E. 

-21° 

N. 701° E. 

BA 

S. 72" 

W. 

_1|0 

S. 701° W., etc. 
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(2) If no two bearings agree within the limits of permissible error, the 
corrections should be made from the mean value of the bearing of that line 
in which there is least discrepancy between the foresight and backsight 
readings, 

(3) In exceptional cases a large source of attraction may exercise a constant 
efEect at all points on a line, and permit of agreement between the forward 
and back bearings. If those bearings are regarded as correct, and are used 
as a basis for the correction of others, then all stations really free from local 
attraction will be found to require a correction of constant amount If this 
occurs, it IS bettor to assume that such constant correction should be zero, 
otherwise the bearings are corrected to a meridian other than magnetic 
meridian. 

(4) The effects of local attraction can be eliminated only if the bearings 
of adjacent lines are observed under the same conditions Bearings for cor- 
rection should therefoie bo obseived at stations, and not at intermediate 
points on the lines. 

Field Work of Compass Surveying. — The chief difference between 
compass and theodolite field work lies in the method of observing 
the bearings and the necessity, in the former case, for reading 
and booking both the forward and back bearing of each line. 

The accuracy possible in taking compass bearings docs not 
warrant great refinement in linear measurement Ordinary chaining 
is sufficiently accurate, while the less exact methods of pacing, etc. 
(Vol. II, Chap. VI), are sometimes employed The allowable length 
of offsets may be increased, and in small scale work d(‘tail may be 
located by pacing offsets, by estimating distances, or by inter- 
secting compass bearings from two points on the survey line 

Sources of Error. — The effects of local attraction being assumed 
eliminated, errors may be classed as instrumental and observa- 
tional. Accurate work is impossible with a sluggish needle, and 
this defect is most likely to arise from dulling of the pivot, which 
must therefore be protected from unnecessary wear Even when in 
adjustment (page 1)7), it is found that most compasses possess an 
individual error, generally due to non-coincidence between the 
magnetic and geometrical axes of the needle, so that different 
instruments give different values for the bearing of a line If the 
same compass is used throughout, this defect does not influence 
the accuracy of a survey, but would affect the result of an observa- 
tion for the value of the magnetic declination. 

Observational errors are those of sighting and reading. The 
former are not peculiar to compass surveying, and are of less impor- 
tance than the latter. In estimating the reading, parallax should 
be avoided by bringing the eye into the vertical plane of the needle. 
In taking important readings it is well to tap the compass box when 
the needle has come to rest, to overcome pivot friction. A system 
of double reading may also be adopted by displacing the needle after 
the first reading and taking a second. The possibility of deflection 
of the needle by sources of attraction about the person, or by 
electrification of the glass cover, should not be overlooked. 
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Limits of Precision. — If the position of the needle can be estimated 
to the nearest 10 min , the error of a reading should not exceed 
5 min On account of diurnal variation, however, readings can 
seldom be relied upon to less than 10 min. As this corresponds to a 
lateral deviation of 1 in 344, free needle surveying is evidently 
inapplicable to many surveys. The figure also suggests the incon- 
sistency of combining refined taping with compass bearings. 

CO-ORDINATES 

Latitude and Departure. — The Latitude of a survey line is its 
projected length upon the reference meridian, and the Departure 
of tlie liT\e IS its projected length upon a line at right angles to the 
meridian These two quantities are therefore rectangular co- 
ordinates of the survey line and of the end station of the line 
referred to its origin. 

Use of Co-ordinates. — A knowledge of the values of the co- 
ordinates of a survey is of great value on account of the variety 
of uses to which it can be put Co-ordinates are employed : 

(1) In closed circuits, to determine, before plotting, the actual 
linear closing error arising from errors of chaining or angular 
observation, or both 

(2) To distribute the effects of this error, if within the per- 
missible error of closure, by applying corrections to the various 
lines in accordance with the probable manner in which the total 
error has been propagated 

(3) To verify, from the results of angular observations to a side 
object, the accuracy of the linear and angular work of an unclosed 
traverse 

(4) To plot the stations of closed or unclosed traverses. 

(5) To calculate the area within a closed circuit, independently 
of the plot. 

(6) To obtain the length of inaccessible lines, etc. 

Calculation of Latitudes and Departures. — Fig. 167 shows different 
cases, a line being assumed in each quadrant. Evidently for case 
(a), if L = the length of the survey line, 

Latitude = Lxcos (whole circle hearing). 

Departure = Lx sin (whole circle hearing). 

In the remaining quadrants the whole circle bearings exceed 
90°, but the same formulae apply with the usual trigonometrical 
convention regarding signs. To prevent confusion in extracting 
the values of those functions for bearings over 90°, the corre- 
sponding angles less than 90° should first be tabulated. An in- 
spection of the figure will show that these angles are the reduced 
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bearings of the lines (page 161). The above formulso therefore 

become Latitude = Lx cos {reduced hearing), 

Departure = Lxsin {reduced hearing). 



1st Quadrant 2nd Quadrant 3rd Quadrant 4th. Quadrant 
Bearing 0" to 90'‘ Off to 18ff Wff to 27 ff 27ffto 36ff 

Fia 167. 


Due attention must be paid to signs, the trigonometrical con- 
vention being adopted as follows . 


Quadrant 

Latitude 

Departure 

1 

+ 

+ 

2 

— 

+ 

3 

— 


4 

+ 

— 

It is to be noted that the latitude is zero for bearings of 90° (E ) 

and 270° (W ), while the departure is 

zero for bearings of 0° (N ) 

and 180° (S.) 



In place of affixing signs, some surveyors designate + latitudes 

as northings, — latitudes 

as southings, + departures as eastings, 

and — departures as westings. Corresponding to the above table, 

•we have on this system . 



Quadrant 

Latitude 

Departure 

1 

Northing 

Easting 

2 

Southing 

Easting 

3 

Southing 

Westing 

4 

Northing 

Westing 

If quadrantal bearings 

have been 

observed, no reduction of 


bearings is, of course, required, and the cardinal directions serving 
to specify a bearing at once suggest the names or signs of the 
co-ordinates. 

The computed values of latitudes and departures are to be set 
out in a table showing the lengths and bearings of the survey lines 
Logarithmic calculation is usually preferred to the use of natural 
trigonometrical functions, and the values of the logarithms should 
be entered in the table as an aid to the rapid checking of the calcu- 
lations. 

The labour of multiplying is also avoided by the use of traverse 
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tables. These give the latitudes and departures of lines usually 
for lengths of 1, 2, 3, etc , up to 10 units, the tabulated values 
being simply the natural cosines and sines of angles from 0° to 90°, 
multiplied by those lengths. The table used should show the 
values for every minute of arc expressed to four or five places of 
decimals, the former being sufficient for all ordinary purposes. 
To find the latitude and departure of a given line, the tabular 
values for the given reduced bearing are extracted for each digit 
of the given length, and, on properly placing the decimal points, 
the required co-ordinates are given by summing the parts 

Example — The following figures are extracted from a traverse 
table, for bearing 36° 41'. 


1 

T 

3 

4 


6 

Lat 

Dep 

Lat 

Dep 

Lat 

Dep. 

Lat. 

Dep 

Lat 

Dep 

0 8019 

0 5974 

1 60.39 

] 1948 

2 4058 

1 7922 

3 2078 

2 3896 

4 0097 

2 9870 


If it is required to determine to the first place of decimals the 
co-ordinates of a lino having this reduced bearing and of length 
534-1 ft , the additions are . 



Lat 

Dep 

500 

400 97 

298 70 

30 

24 06 

17 92 

4 

3-21 

2 39 

1 

08 

06 

534 1 

428 3 

319 1 


Tabulation oi Co-ordinates. — The table may be arranged as 
follows : 


Line 

Length 

Bearlnf? 

deduced 

Beariiif; 


T,,_ / Sine 
\ LciiBth 

Latitude 

Departure 

AB 

Ft 

412 

132° \r 

47° 43' 

9 8279 

2 6149 

9 8691 

2 6149 

-277 2 

+ 304 8 





2 4428 

2 4840 



BC 

275 

64° 28' 

64° 28' 

9 6345 

2 4393 

9 9554 

2 4393 

f 1185 

+ 248 1 

Etc 




2 0738 

2 3947 




Alternatively, the co-ordinates are entered without signs thus ; 


Latitude 

Departure. 

N 

S. 

E 

W- 



277 2 

304 8 



118 5 

— 

248-1 

— 
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The columns in which the logarithmic calculations are shown 
have no equivalent when traverse tables or natural functions are 
used When bearings are deduced from included or deflection 
angles, the observed angles are entered in a column between the 
length and bearing columns above Additional columns are to be 
reserved for quantities required in plotting" the survey lines (page 
192) and, if necessary, for area calculations (pages 287 and 289). 

SURVEY ADJUSTMENT 

Closing Error. — The algebraic sum of the latitudes and that 
of the departures of all the lines forming a closed circuit should 
each be zero, since a return to the starting-point in the field pro- 
duces equality between N and S latitudes and between E. and W. 
departures If the tabulated co-ordinates do not add up to zero, the 
respective algebraic sums represent the latitude and departure of 
the line required to close the polygon, or 

Closing error y/ (Latitude crror)2-(- (Departure error)^, 
and the relative error of closure is this quantity divided by the 
perimeter of the circuit 

The closing error arises from errors both of chaining and angular 
measurement It should always be determined in order to detect 
gross mistakes in the field work and as a check on the calculation 
of co-ordinates, but the inability of the closing error to reveal 
constant errors of chaining must be kept in view Permissible 
values of errors of closure are given on page 176 

When the magnitude of the closing error indicates that a mistake 
in chaining has taken place, it is frequently possible to ascertain 
in which line it has occurred by comparing the closing errors in 
latitude and departure with the co-ordinates of the several lines 
The ratio between the closing errors of the co-ordinates will be the 
same as that between the co-ordinates of the affected line. If the 
mistake cannot be located and its occurrence explained, reference 
to the cross bearings will enable the surveyor to ascertain the com- 
partment of the survey which requires to be rechained. 

Balancing. — By balancing or adjusting a survey is meant the 
elimination of the closing error by distributing corrections to the 
various lines in accordance with the probable manner in which 
the total error has been propagated. In many cases balancing is 
unnecessary, but it is required (a) when the scale of plotting permits 
the closing error being shown, (6) when the co-ordinates are to 
be used for purposes other than plotting In formulating rules for 
the distribution of the error, account must be taken of the relative 
contributions to the closing error made by the angular and linear 
measurements. As these are unknown, a reasonable assumption 
must be made which will lead to an easily applied method of 
correction. 
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Methods. — The oldest and best known rule is that of Bowditch, 
which states : 


As the sum of all the distances is to each 'particular distance, so 
is the whole error of latitude {or departure) to the required correction 
in latitude {or departure). Or, 

Correction in latitude (or departure) of a line 


Ijength of that line 
Perimeter 


X Total error in latitude (or departure). 


This rule is based on the assumption that the error in the position 
of the stations is due equally to chaining and angular measurement. 
The validity of this assumption depends upon the field methods of 
linear and angular measurement and the instruments used It is 
quite justifiable in compass surveys, particularly with free needle, 
but for theodolite surveys it overestimates the probability of 
angular error Bowditch ’s rule should therefore be used exclusively 
for the adjustment of compass traverses, and on this account it is 
sometimes called the compass rule 

In theodolite surveys, the angular closing error is known, and it 
should first be distributed before computing the co-ordinates. 
Assuming that the proliability of error at one instrument station 
IS the same as that at another, equal corrections should be applied 
to the observed values of included or deflection angles If, how- 
ever, bearings have been carried forward in the field, since the first 
bearing involves the measurement of one angle, the second that of 
two angles, and so on, the corrections should increase in arithmetical 
progression 

Having computed the co-ordinates and found the errors of 
latitude and departure, the adjustment is commonly made accord- 
ing to the following rule ■ 

As the arithmetical sum of all the latitudes {or departures) is to 
each particular latitude {or departure), so is the whole error of latitude 
{or departure) to the required correction in latitude {or departure). 

Or, 

Correction in latitude (or departure) of a line 


Lat. (or dep ) of that line 
Arithmetical sum of all lats. (or deps.) 


X Total error in lat. (or dep.). 


Weighting. — Since it is unlikely that all the measurements have 
been performed under the same conditions, allowance may be made 
for the relative difficulties by distributing the corrections in accord- 
ance with the estimated probability of error in the various lines. 
This operation is termed weighting, and consists in assigning to each 
line a factor, or weight, representing its relative liability to error as 
judged from the conditions under which the length and bearing 
were measured In estimating the relative difficulty of the linear 
measurements, consideration is given to roughness of ground and 
the existence of obstacles, while, as regards the angular work. 
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diflSculty of sighting and difference of level between the points 
observed are kept in view. It is usual to assign unit weight to the 
line considered least subject to error, the weights of the others being 
estimated by comparison. 

To use Bowditch's rule with weighted lines, each distance is multi- 
plied by its weight, giving the weighted length of the line, then 
Correction in latitude (or departure) of any line 

Weighted length of that line m ^ i i ^ / j x 

- ai m of W t a iengti.. - . - f . iiTHi;; X 
In theodolite surveys, each latitude and departure is multiplied 
by the weight of the corresponding line, and 
Correction in latitude (or departure) of any line 
Weighted lat (or dep ) of that line 


Arithmetical sum of weighted lats. (or deps.) 
(or dep.). 


X Total error in lat. 


Examples. — The following cases will serve to illustrate the 
application of the rules. 

( 1 ) Adjustment of Prismatic Compass Traverse by Bowditch's Rule. 


Line 

Length 
m Ft 

Bearinif 

Heduced 

Bearing 

Latitude 

Departure 

Corrected 

Ijatltude 

Corrected 

l^eparture 

AB 

345 

173° 

7° 

-342 4 

f 42 0 

-341 7 

+ 42 4 

BC 

122 

110° 

70" 

- 41 7 

+ 114 6 

- 41 5 

+ 114 7 

CD 

412 

125" 

55° 

-236 3 

+ 337 5 

-235 5 

+ 338 0 

DE 

286 

200° 

20° 

-268 8 

- 97 8 

-268 3 

- 97 5 

EF 

380 

310° 

50" 

+ 244 3 

-291 1 

+ 245 0 

-290 6 

FG 

387 

209° 

29" 

-338 5 

-187 6 

-337 8 

-187 1 

GH 

370 

282" 

78° 

+ 76 9 

-361 9 

+ 77 6 

-361 4 

HJ 

440 

30° 

30° 

+ .381 0 

+ 220 0 

+ 381 9 

+ 220 6 

JA 

564 

23° 

23° 

+ 6102 

+ 220 3 

+ 520 3 

+ 221 0 


3,306 



- 6 3 

- 40 

0 

0 


The actual closing error = V6’3^+4-0^ = 7-5 ft., representing a 
7-5 1 

ratio of error of — — , or about 777 -. 

d,oOb 440 

Applying the rule, 

345 

Latitude correction for AB = o~ii 7 ^x 6-3 = say, 0-7, 

o,oUd 


Departure correction for AB = — -x4 0 = say, 0-4, 

o,o0b 

and so on for the other lines. The corrections must be applied to 
the co-ordinates in such a manner that the corrected values will 
balance. In this case both errors are negative, due to a deficiency in 
the positive co-ordinates and an excess in the negative co-ordinates. 
The former therefore fall to be increased, and the latter diminished, 
by the corrections. The adjusted co-ordinates are either tabulated 
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as shown, or the corrections may be made in red ink in the latitude 
and departure columns. 

(2) Adjustment of Theodolite Traverse. 


Line. 

II 

1 

Correction. 

Conected 

Bearing 

Beduoed 

Bearing 

Latitude 

Departure 

Collected 

Latitude. 

Corrected 

Departure 

AF 


140“ 0' 30" 








AB 

580 

62“ 34' 

0 

62" 34' 

62“ 34' 

+ 267 2 

f514 8 

+ 267 1 

+ 614 4 

BC 

672 

101“ 21' 

0 

101“ 21' 

78" 30' 

-132 3 

+ 658 8 

-132 3 

+ 658 3 

CD 

431 

143“ 8' 30* 

30" 

143" 9' 

36“ 51' 

-344 9 

4 258 5 

-345 0 

+ 258 3 

DE 

724 

206“ 53' 

30" 

206“ 53' 30" 

26“ 53' 30' 

-645 7 

-327 5 

-645 9 

-327*7 

EF 

516 

261“ 18' 

I'O" 

251“ 10' 

71" 19' 

-165 3 

-488 8 

-165 4 

-480 1 

FA 

1,192 

328" 59' 30" 

I'O" 

329" 0' 30" 

30" 59' 30" 

+ 1.021 8 

-613 8 

+ 1.0215 

-614 2 





1 


+ 0 8 

+ 2 0 

0 

0 


The bearing AF, taken at starting, does not agree with that of 
FA, which contains the angular error propagated throughout the 
traverse, and the error of 1' is distributed in arithmetical progression 
in 30" stages The arithmetical sums of the latitudes and departures 
obtained from the new bearings are respectively 2,577*2 and 2,862-2, 
so that 

267*2 

Latitude correction for AB ^ ^ - « xO-8 = say, 0*1, 

2,o77*2 


Departure correction for AB 
and so on. 


514 8 
2,862*2 


X2*0 


= say, 0*4, 


(3) Adjustment of Example (2) by Weighting. 

If weights, as shown, are assigned in accordance with the relative 
difficulties in the linear measurement of the several lines, the 
adjustment is performed as follows : 


Line 

Weight 

Latitude 

Departure 

Weighted 

Latitude 

Weighted 

Departure 

Corrected 

Latitude 

Corrected 

Departure. 

AB 

3 

+ 267 2 

+ 514 8 

801 6 

1,544 4 

+ 267 1 

+ 614 2 

BC 

1 

-132 3 

+ 658 8 

132 3 

658 8 

-132 3 

+ 658 5 

CD 

1 

-344 9 

+ 258 5 

344 9 

258 5 

-345 0 

+ 258 4 

DE 

2 

-645 7 

-327 5 

1,291 4 

655 0 

-645 9 

-327 8 

EF 

1 

-166 3 

-488 8 

165 3 

488 8 

-166 3 

-489 0 

FA 

2 

+ 1,021 -8 

-613 8 

2,043*6 

1,227 6 

+ 1,021*4 

-614 3 



+ 0 8 

+ 20 

4,779 1 

4,833 1 

0 

0 


Applying the rule, we have 

Latitude correction for AB = 

Departure correction for AB = 
and so on^ 


801*6 
4,779 1 
1,544*4 
4,833 1 


X0*8 = say, 0*1, 


X2 0 = say, 0*6, 
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Remarks on Balancing. — Since the relative precision of the angular 
and linear measurements of ordinary traversing is unknown, the 
reliability of the above methods cannot bo assessed. Bowditch’s 
rule is generally accepted as the best for eompass work, and is 
sometimes used for theodolite surveys Its application necessarily 
alters the directions of all the lines, and the changes produced may 
be unwarrantably great for theodolite bearings The method given 
for balancing a theodolite traverse is better, but is theoretically 
unsound because the adjustment of the latitudes and departures 
alters the corrected bearings by different amounts, bearings of 0°, 
90®, 180®, and 270® remaining unchanged. As a consequence, the 
amounts of the alterations in bearing depend upon the choice of 
meridian Thus, if a traverse forms a rectangle, adjustment does 
not change the angles if the meridian is parallel to two of the lines, 
but does so if any other meridian is used. If, in the latter case, it is 
not considered justifiable to alter the bearings, they can be referred 
for purposes of adjustment to a meridian parallel to two of the sides 
The general case of balancing any survey without interfering with 
the observed bearings does not admit of a simple solution 

In balancing ordinary small surveys in practice, little considera- 
tion need be given to the relative merits of different rules It is 
usually sufficient to distribute the error by rough mental proportion 
In adjusting theodolite surveys, it is well to notice where corrections 
may be introduced with most effect towards the balance of co- 
ordinates, since corrections so placed have least influence on the 
bearings. 


Balancing of Interlocking Nets. — ^In the case of a number of 
traverses connected to each other at several points, any attempt at 
rigorous adjustment would be unwarrantably troublesome and un- 
necessary for ordinary purposes It is sufficient that the more 
important circuits should be adjusted before those in which errors 
would have less serious consequences. If the traverses cannot be 
so differentiated, the larger should be balanced before the smaller. 



Fig. 168. 


Lines common to two or more 
traverses, when once corrected, 
must not be subjected to further 
adjustment. 

Graphical Adjustment.— The 

adjustment of surveys plotted 
by angle and distance methods is 
usually performed graphically, 
since co-ordinates are not avail- 
able for correction In Fig 168, 
the polygon Abcdefa as plotted 
is found to have a closing error 
aA, which represents the com- 
bined error of field work and 
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plotting. This error is distributed by shifting each plotted 
station in a direction parallel to that of a A and by an amount 
proportional to its distance along the traverse from the initial 
station A. ABCDEFA is the adjusted traverse. In place of 
calculating the corrections, they may be obtained by graphical 
proportion as shown. 


PLOTTING 

Methods of Plotting Survey Lines. — The origin of a survey line 
being located on the paper, the line can be plotted either by setting 
off its direction and length, or by fixing the position of its terminal 
point by co-ordinates. The first system, termed the angle and 
distance method, involves the laying down of an angle which, 
according as a reference meridian has or has not been adopted 
for the field observations, will be either (a) the bearing of the line, 
(6) the angle, included or deflection, from the preceding survey line 
In the co-ordinate system, the direction and length of the line are 
used in the calculation of co-ordinates, and are not directly plotted 

Angle and Distance Methods. — The more commonly used angle 
and distance methods of plotting an angle or bearing are 

{a) By protractor 

(b) By the tangent of the angle. 

(c) By the chord of the angle 

By Protractor , — The protractor furnishes the most rapid method 
of laying down angles, but, while the degree of accuracy afforded 
IS sufficient for many purposes, the best results cannot be expected, 
particularly in plotting lines much longer than the radius of the 
protractor With the ordinary simple pattern, of about 6 in 
diameter, angles cannot be protracted nearer than to about 10 or 
15 min , which accords with the accuracy of free needle readings, but 
not of theodolite work Protractors of 9 to 12 in diameter with 
vernier reading to 1 min are more suitable* lor plotting theodolite 
surveys, but in using such protractors it is doubtful if full advantage 
can be taken of the vernier owing to the probability of error in 
centering A very useful and inexpensive form of protractor has 
the graduations printed on cardboard, and may be obtained in 
diameters of from 12 to 18 in. 

By Tangents — In this method, the angle d to be plotted is set out 
by geometrical construction with the aid of a table of natural 
tangents. From the station point a base length, scaling a round 
number of units, is set off along the given side of the angle, and 
from the end of the base a perpendicular is erected of length = base 
Xtan 6. The line joining the station to the point thus obtained 
includes 6 with the given side. The length of base should be such 
that the hypoteneuse obtained exceeds the length of the survey line 
to be plotted along it. If the angle exceeds one or more right 
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angles, these are laid off by set-square, and the method is applied 
to the remainder. In constructing angles of nearly 90° it is better 
to plot the complement of the angle. 

With care, the tangent method is capable of higher accuracy than 
direct protracting. 

By CJiords — In this geometrical method, an arc of any convenient 
radius r, preferably 10 or 100 units, is first swept out with the 
station point as centre A second arc, centered at the point in which 
the first cuts the given side, is then described with radius equal to 
the chord subtended by the angle to be plotted The line joining 
the station to the intersection of the arcs defines with the given side 

0 

the required angle The chord length = 2rx sin Various mathe- 

matical tables give the lengths of chords corresponding to unit 
radius If the angle exceeds a right angle, the construction 
should be applied only for the part less than 90°, as thereafter 
the intersections become unsatisfactory The accuracy attainable 
IS not materially different from that of the tangent method 

Plotting Angles and Bearings. — The manner of applying the above 
methods to the plotting of a survey line from the preceding one 
will be evident Results of angular measurements, noted in tabular 
form, should always be accompanied by a sketch, to which the 
draughtsman must make constant reference to avoid setting off 
angles in the wrong direction 

In plotting bearings, two methods may be distinguished 

(1) A meridian is drawn in a convenient central position on the 
sheet, and at an assumed point on it the bearings of all the lines to 
be plotted are set out from it These directions are then transferred 
to their proper positions, as required (Fig 169). 




(2) Each bearing is plotted from a meridian through the origin 
of the line and parallel to the reference meridian (Fig 170). 

The first method is the more rapid. By using a circular protractor, 
all the bearings can be plotted from one setting of the protractor. 
In the tangent method the same bases can be used for various 
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bearings, while in applying the chord method the several chord 
lengths can be marked off on one circle. Great care is necessary in 
transferring the directions ■ a heavy parallel ruler gives the best 
results In the second method there is the same need for accuracy 
to secure parallelism between the successive meridians. 

Plotting by Co-ordinates. — The co-ordinate method is recognised 
as the most accurate and useful method of plotting traverse lines 
from bearings. Two systems are used 

(1) Each station is plotted from the preceding one by setting 
out the latitude and departure of the line between them in 
directions respectively parallel and perpendicular to the reference 
meridian. 

(2) Each station is plotted independently by ascertaining its 
position relatively to two assumed co-ordinate axes respectively 
parallel and perpendicular to the reference meridian. 

In plotting closed surveys by either method, the closing error, 
if appreciable, should first be eliminated by balancing, and the 
adjusted values of the latitudes and departures used 

First Method. — In this method, direct use is made of the latitudes 
and departures as shown in Fig 171. Having assumed a point to 
represent the first station A and a line ae showing the direction of 
the reference meridian, B is plotted by setting off in the proper 
directions the latitude Aa and departure aB of line AB. C is 
similarly located from B, and so on 




Second Method. — The co-ordinate axes, to which the positions of 
all stations are to be referred, are taken through one of the stations, 
called the origin, which is usually either the initial or the most 
westerly station. The station co-ordinates are termed total latitudes 
and total departures, and these must be computed and entered in 
tabular form before plotting. 

Total Latitudes and Departures. — ^The total latitude (or departure) 
of any station is the algebraic sum of the latitudes (or departures) 
of all the lines from the origin to that station. 
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These are included in the survey table as shown in the following 
example, in which the latitudes and departures are already balanced 


Line 

Length 

Bearing 

Beduced 

Bearing 

Latitude Dc])arture 

Stii 

Total 

Latitude 

Total 

Departure 

AB 

Ft. 

409 

101° 55' 

78° 5' 

- 84 5 +400 2 

A 

0 

0 

BC 

.360 

34° 6' 

34° 6' 

+ 298 1 

1-201 8 


- 84 5 

+ 400 2 

CD 

394 

304° 29' 

55° 31' 

+ 223 1 

-324 8 

C 

1 213 6 

4 602 0 

DE 

221 

243 ■ 26' 

63° 26' 

- 98 9 

— 197 7 

D 

+ 436 7 

+ 277 2 

EA 

.347 

193° 14' 

13° 14' 

-337 8 

- 79 5 

E 

+ 337 8 

' + 79 5 


Each total co-ordinate being obtained from that preceding by 
application of a latitude or departure, the arithmetical work is 
completely checked if the total co-ordinates of the last station 
are respectively equal in magnitude, but ojiposite in sign, to the 
latitude and departure of EA When the co-ordniates originate 
at the most westerly station, as in the example, the total departures 
are all positive 

The plotting now consists in drawing the co-ordinate axes accu- 
rately at right angles and setting oft along one of them the total 
co-ordinates in that direction, as in Fig 172 From these points, 
lines parallel to the other axis are erected, and the second co- 
ordinates are scaled off, the points so obtained representing the 
various stations. 

Precautions in Co-ordinate Plotting. — To obtain good results, 
pencil lines should be line, and co-ordinate lengths should be very 
carefully scaled Inaccuracy in the directions of co-ordinate lines 
is the most likely source of error, paiticularly in the second method, 
which requires the plotting of longer lines than the first. Accuracy 
depends largely upon the care taken to secure perpendicularity 
between the reference axes Long perpendiculars should be set out 
by the use of beam compasses rather than by set-square. When a 
survey covers a large area of paper, so that the station co-ordinates 
are long lines, it is better to construct a rectangle to enclose the 
survey. Before using this rectangle, its accuracy should be verified 
by checking the equality of its diagonals. Stations are then plotted 
from the nearest sides of the rectangle by subtracting, if necessary, 
the tabular co-ordinates from the lengths of the corresponding sides 
of the rectangle. Distances to be scaled can be still further reduced 
by subdividing the bounding rectangle into smaller rectangles, from 
the sides of which the plotting can be performed. 

Relative Merits of the Two Co-ordinate Systems. — The second 
method is much more commonly used than the first, but each has 
advantages. Errors of scaling are revealed in either system by 
measuring the length of each course as soon as plotted, but this tesi^ 
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does not afford an absolute check on the bearings. In the first 
method, small errors of plotting are carried forward, and in a closed 
survey the closing error due to inexact plotting is discovered, since 
the co-ordinates used have been balanced. In the most refined 
plotting this is an advantage, the cause of the discrepancy being 
searched for and eliminated Since small errors are not accumulated 
in the second method, it is to be preferred for plotting unclosed 
traverse 

Advantages of Co-ordinate Plotting. — (1) The table of total 
latitudes and departures exhibits the extent of the survey, and the 
position of the point representing the origin of co-ordinates may be 
selected so that the survey will fall centrally on the sheet. 

(2) By calculation of the co-ordinates the closing error can be 
ascertained, and adjusted if necessary, before plotting commences. 
In angle and distance methods, plotting must be completed 
before the closing error is discovered, and then it is not known 
to what extent the error is due to inaccurate field work or 
plotting 

(3) The plotting of the stations of a large survey can proceed 
simultaneously on different sheets or on different parts of the same 
sheet 


OMITTED MEASUREMENTS 

If, for any reason, it is impossible to measure all the lengths and 
bearings of a closed traverse, the values of the missing quantities 
(lengths or bearings) can be calculated, provided they do not 
exceed two in number Since the observed and omitted quantities 
are parts of a closed polygon, the algebraic sum of all the latitudes 
and that of the departures are each zero We have therefore the 
two independent equations . 

cos 01 + 2^2 cos = 0, 

Lj sin sin 

where etc., are the lengths, and 0i, 02 ? bearings 

of the lines, and from these equations two unknowns can be 
obtained 

If only one measurement is missing, a check on the accuracy of 
the traverse is still available, but in the case of two omissions 
all errors propagated throughout the survey are thrown into the 
calculated values of the omitted data, and no check, other than by 
repeating the field work, is possible. The omission of measurements 
merely to save field work is not therefore to be regarded as generally 
allowable 

The most important application of the method occurs when a 
traverse is run between two points on either side of an obstacle for 
the special purpose of determining the length or direction of the 
straight line joining them. A similar problem arises in computing 


p.o s I. — o 
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check measurements. Six cases may occur, according as the 
quantities required are 

(1) Length of one line. 

(2) Bearing of one line 

(3) Length and bearing of one line 

(4) Lengths of two lines 

(5) Bearings of two lines 

(6) Length of one line and bearing of another 

Calculation of Unknowns. — To find the missing quantities, the 
latitudes and departures of the lines completely measured are first 
calculated These will not both sum up algebraically to zero, since, 
owing to the omissions, the polygon is not closed. The latitude and 
departure required to be added to these sums to make both zero 
represent the co-ordinates of the gap in the polygon 

Case (1) The latitude, I, and departure, d, of the omitted length 
are equal in magnitude and opposite in sign to the algebraic sums 
of the co-ordinates of the mt^asiired lines, and 

Omitted length -= 4-^. 

If the field measurements have been made without error, the 
calculated value of the omitted length should be such that multi- 
plying it by the cosine and sine of its bearing will give I and d 
respectively A check on the field work is therefore provided On 
including the calculated line in the table, and computing its co- 
ordinates from its observed bearing, the survey may be balanced in 
the usual manner, but such adjustment is unsatisfactory, since the 
calculated length necessarily contains the errors made in the other 
lines. 

Case (2) The bearing of a line whose co-ordinates are known can 
be obtained from the relation, 

Tan reduced bearing = 

latitude 

The signs of the given latitude and departure show in which 
quadrant the bearing lies, so that the whole circle bearing is at 
once deduced 

In this case, therefore, tan B and a check on the field work is 

V 

afforded by comparing the measured length with \/^ 2_|_^2 

Case (3) The length and bearing of the line completely omitted 
are obtained as in cases (1) and (2), and as shown in the example 
on page 196. 

Case (4) If and are the unknown lengths, and 6 ^ and 62 
their bearings, then 

Lj cos B 2 cos B 2 ~ 

Li sin 01+^2 sin ^ 2 = 
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I and d being, as before, equal in magnitude, but opposite in sign, to 
the respective algebraic sums of the known latitudes and departures. 
Li and are obtained by solving the simultaneous equations. 
The solution is independent of whether the unknown sides of the 
polygon adjoin each other or not. The two equations reduce to 
one when the unknown lengths are parallel, and this case is indeter- 
minate, except in the unlikely event of the area of the polygon 
being known, the unknown lengths not being adjacent 

Case (5) The same simultaneous equations can be solved for 
6^ and 0^, provided their quadrants are known 

Case (6) On solving the equations, two values for the unknown 
bearing and length are obtained If either is known approximately, 
it will, in general, be seen which of the solutions is that wanted. 

Alternative Method for Cases 4, 5, and 6. — The following solution 
of the problem is sometimes preferable In Fig. 173, the incom- 
pletely measured lines GH and HA adjoin each other From the 
co-ordinates of the survey lines from A round to G, the length 
and bearing of the line GA are calculated by the method of case (3). 
The triangle GHA can then be solved for the two unknowns. In 
case (4) the internal angles of the triangle must be deduced from 
the known bearings , in case (5) all the sides arc known ; while in 
case (6) two sides and the angle opposite one of them are known. 
If the bearing of GH and the length of HA are measured, the two 




solutions are shown by the two possible positions, H and H', of the 
unfixed station 

When the two incompletely measured sides do not adjoin each 
other, as CD and HA in Fig 174, they may be brought into the 
same triangle by imagining the intervening lines shifted parallel 
to themselves in a direction parallel to one of the unknowns. In 
the example illustrated, AB and BC are moved to A'B^ and B'D, 
so that AA' is equal and parallel to CD. On joining HA', the 
triangle HA' A is formed, the sides HA and AA' of which are the 
two lines affected by the omissions HA' is completely known 
since it is the closing side of a traverse A'B'DEFGH, of which 
full particulars are available. The triangle can therefore be solved 
for the missing data as before It will be observed that no triangle 
would be available if CD and HA were parallel. 
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Ezample. — The application of the most important practical 
case IS illustrated in the following example 

The longMi and bearing of a line AE cannot bo measured directly, and the 
traverse noted in the first three columns of the following table is run from 
A to E Calculate the requited quantities 


Line 

Length 

In feet 

Bearing 

lieduced 

Bearing 

Latitude 

Departure 

AH 

172 

14^ 31' 

14 31' 

-h 166 5 

+ 43 1 

BC 

2;i(i 

319 42' 

40 18' 

1-180 0 

-152 6 

C\) 

474 

347" 15' 

12 45' 

-h462 3 

-104 6 

DK 

150 ' 

5" lb' 

5 16' 

4 149 4 

-h 13 8 





-f958 2 i 

-200 3 

1 


Having computed and tabulated the co-ordinates, tlieir algebraic sums 
aie obtained, then 

Closing length EA a/(958 2)M (200 - 97S 9 it , 

and tan roducod bearing of EA = = 2090 tan 11° 48' 

To close the polygon, a negative latitude and positive depaiture aie required, 
so that the closing line EA lies in the second quadiant 

Whole circle beaiing of EA - 180° - 11° 48' - 108° 12', 

but that of AE is requiiecl, and this has the value, 

108° 12' -1-180° --348° 12' 

Note --The above method of obtaining the required bearing is adopted to 
emphasise the fact that the foirnuhe for cases (2) and (3) give the forwaid 
bearing EA required to close the polygon The co-ordinates for the back 
bearing AE aie the algebraic sums of the tabulated co-oidiiiates, without 
change of sign 

MISCELLANEOUS PROBLEMS IN THEODOLITE 
SURVEYING 

By means of the theodolite, obstacles to ranging or chaining 
may be more rapidly and accurately surmounted than by the use 
of chain surveying equipment only. The examples given below 
also include some problems frequently encountered in the course of 
setting out works While all possible cases cannot be included, 
the solutions given will suggest the geometrical methods to be 
applied in particular circumstances 

Obstacles. — Obstacles which Obstruct Ranging — (a) When an 
intermediate point can be selected from which the ends are visible, 
the line may first be ranged by eye (page 147) On setting the 
theodolite in this line, it may be adjusted to the exact line by trial 
and error, until, on sighting one end station and transiting, the 
line of sight is found to cut the other station. 

{b) From A (Fig 175) project a random line AC'B' by the 
theodolite in the estimated direction towards B, leaving a point C' 
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visible from A. Measure AB' and the offset B'B. Compute a = 

tan , and, with the theodolite at A, set off a from AC', and 

AB' 


establish points on AB. 

(c) Select a point C (Fig 176) from which A and B are visible 
Measure AC, CB, and c Solve for a and 6, and set off one or both 
of these angles at A and B respectively 



{d) If AB IS very long, select two intervisible points C and D 
(Fig 177) from both of which A and B are visible Measure angles 
c, d, e, and / Solve triangle ACD for AC’ and AD, taking CD as 
unity, and from triangle BCD obtain BC’ and BD Now solve 
triangle ACB for a and 6, and check by solving triangle ADB 
By orienting on C’, set off a and h from A and B respectively, and 
establish points on AB This method will not be very satisfactory 
if CD IS short, but is useful for clearing AB 

(e) If intervisible points C and D cannot be obtained, run a 
traverse from A terminating on B, and compute the bearing of AB 
Set off this bearing from A 

Obstacles which Obstruct Chaining — (a) The methods of page 148, 
involving the use of right angles, are available, the theodolite being 
employed to en^ct perpendiculars 

(6) When both points, A and B (Fig 178), are accessible, set 
out an equilateral triangle by laying off a and b each — BO"", obtaining 
the intersection C Measure AC, and check by BC Alternatively, 
set out any triangle ABC, and measure a sufficient number of the 
parts to enable the triangle to be solved for AB 

(c) When B is inaccessible, set out AC perpendicular to AB 
(Fig 179) Measure ACJ and c, and solve for AB Alternatively, 



measure out AC in any convenient direction, observe the angles at 
A and C, and solve for AB 

{d) When B is inaccessible and invisible from A, select two 
intervisible points C and D (Fig 180) from which A and B are 
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visible. Measure CD, AC, and AD and angles a, 6, c, and d. 
Solve triangle BCD for BC and BD, then solve triangle ABC for 
AB, and check from triangle ABD Time is saved in the measure- 
ments if C, A, and D are collinear 

(e) When A and B ate both inaccessible, select two points, C 
and D (Fig 181) from which both A and B are visible Measure 
CD and angles a, h, c, and d. Solve triangle ACD for AC and AD, 
and BCD for BC and BD Obtain AB by solving triangle ABC, 
and check from triangle ABD. 

Perpendiculars and Parallels.— To Set Out a Perpendicular to a 
Given Line from a Given Point — [a) When both the point P and the 



Fui 182 Fiu 18:1 Fig 184 


line AB are accessible, select a point A on AB, and measure a (Fig 
182) At P sight A, and set off 6 = (90'^— cr) , then PC is the per- 
pendicular Alternatively, measure a and AP, and compute AC 

(b) When P is inaccessible, select two points A and B on AB 

(Fig. 183) Measure AB, a, and b Then A(^ ^ ^ , 

tan a+tan b 

(c) When P is accessible, but AB is not, deduce a (Fig 184) by 
observations from P and a point D, as in Fig 181 From P sight 
A, and set off 6 = (90°— a) , then PC is the direction of the perpen- 
dicular 

(d) When both P and AB are inaccessible, set out any accessible 
line parallel to AB (see below), and proceed as in (6) 

To Set Out a Parallel to a Given Line from a Given Point — 
(a) When both the point P and the line AB are accessible, select 
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a point A on AB, and measure a (Fig. 185). From P sight A, and 
set off 6 = (180° — a) PC is the required parallel 

(b) When P is inaccessible, select points A and B on AB (Fig 186), 
and measure AB, a, and b. The perpendiculars AC and BD to the 

required parallel = 

cot 0— cot a, 
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(c) When P is accessible, but AB is not (Fig 187), deduce a by 
observations from P and a point D, as in Fig 181 From P sight 
A, and set off 6 = (180°— a) ; then PC is the required parallel. 


EXAMPLES 

1 A, B, C, D are four survey stations At station B the angle ABC is 
measured clockwise, and found to be 196" 53' On setting up at C, the angle 
BCD, also measured clockwise, is observed to be 142" 17' If AB is adopted 
as the meridian, what are the bearings of BC and CD 

2 The total latitudes of two stations on a survey are 8,257 and 7,542 ft , 
and their total departiiies aie 1,321 and -146 ft respectively Calculate the 
distance between them and the bearing from the first to the second. 

3 Calculate the closing error of the following traverse 


Line. 

Length in feet. 

Bed.nng 

AB 

520 

92° 

BC 

634 

174" 

CD 

580 

220" 

DE 

1,232 

279" 

EA 

1,.348 

48" 


4 The following bearings and lengtlhs represent the observed values for the 
first three lines of a traveise survey The bearings were referred to magnetic 
meridian, which was 16° 35' west of true north at the place Convert the 
observed bearings to true bearings Tabulate the co-ordinates of the linos 
derived from the true bearings and the total co-ordinates of the stations 


referred to A as origin 



Line 

Length in feet 

Mdgnetic Bearing 

AB 

738 

33° 21' 

BC 

560 

349° 46' 

CD 

893 

15" 10' 


5 The bearings of a theodolite traverse have been referred to magnetic 
moridan at the initial station, and the co-ordinates of a certain line are found 
to be 796 ft S and 368 ft. W Calculate the co-ordinates of this line with 
reference to true meridian at the initial station if the direction of magnetic 
north there is 13° 10' west of true north. 

6 The following are the particulars of a small traverse survey in which the 
bearings have been referred to magnetic meridian, the value of the magnetic 
declination being 15" 30' W Convert the observed bearmgs to true bearings, 
calculate the co-ordinates of the linos, and find the error of closure. 


Line. 

Length in feet 

Magnetic Bearing. 

AB 

470 

N 6" 2' W. 

BC 

637 

S 82"10'E. 

CD 

432 

S 2"38'W. 

DA 

565 

N. 84° 40' W. 

7. The following traverse 

is carried round 

an obstruction m a line EF 

Line 

Length in feet 

Bearing 

EG 

200 

S. 38"21'E 

GH 

580 

N 75"46'E. 

HF 

82 

N. 11° 8'W. 


Compute the angles GFF and HFE and the distance EF, 
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8 A determination of the distance between two mutually visible points 
A and E is required, but cannot be made with sufficient accuracy by direct 
measurement Obtain the distance from the following notes of a traverse run 
from AtoE — 


Line 

Eeaniifr 

Distance In feet 

AE 

360" 0' 


AB 

346° 18' 

2,386 4 

BC 

73° 57' 

583 2 

CD 

296° 33' 

401 8 

DE 

18° 21' 

1,156 4 

EA 

180° 0' 



9 A “ measured mile ” of 6,080 ft in the ilirection of magnetic N. and S. 
IS to be marked oft on shoie by erecting guide poles at eithei oxtiemity to 
form parallel lines From a point A on the line of the first two signals a 
traverse is run to fix a point 1) on the second line, the notes being . AB, 970 ft , 
357°, BC, 4,632 ft, 331°, CD, 5° The bearings are measured from an 
arbitrary meridian, the magnetic bearing of which is N 23° E. Find the 
necessary length of CD (U T C , 1920 ) 

10 The length and bearing of a line AB cannot be observed diicctlvi and 
the following data aro obtained by observations from two stations, C and D 


Line 

LcnKth in feet 

Bearing 

CA 

230 

258° 35' 

CD 

1,142 

10° 20' 

DB 

455 

274° 15' 

Calculate the length and beaiing of .IB 


11. Particulars of part of 

a traverse survey 

are 

Line 

Length In feet 

Bearing 

AB 

486 

342° 24' 

BC 

1,724 

14° 35' 

CD 

1,053 

137° 20' 


Calculate the distance between a point E on AB, 326 ft from A, and a point 
F on CD, 400 ft from C 

12 An underground traverse has been run between two survey stations 
situated at the bottom of two mine shafts A and B 

The co-ordinates of A are 7,260' N and 19,340' E and of B 9,760' N and 
21,840' E. A surface traverse has been run from A to B and the co-ordinates 
have been calculated to the same axes The co-ordinates of A aro 7,260' N 
and 19,340' E. as before, but tlie co-ordinates of B now are 9,660' N and 
21,912' E. 

Assuming the surface traverse to be correct, what is the error in the bearing 
of B from A as determined by the underground traverse (Inst. C.E , 1918 ) 

13. A four-sided traverse ABCD has the following lengths and bearings ■ 


Side. 

Length In feet 

Bearing 

AB 

600 

roughly East 

BC 

245 

178° 

CD 

not obtained 

270° 

DA 

216 

1° 


Find tjie exact bearing of the side AB. (Univ, of Lond , 1913.) 
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14 For the following traverse compute the length CD, so that A, D, and E 
maj'^ bo in one straight line 


Line Leneth in feet Bearini; 

AB 340 85° 

BC 506 32° 

CD — 350° 

DK 622 18° 

15 A straight tunnel is to be run between two points A and B, whoso 
co-ordinates are given in the annexed table . 

Point Co-ordiiifttes 

N E 

Aon 

B 3,014 256 

C 1,764 1,398 


It IS desired to sink a shaft at D, the middle point of AB, but it is impossible 
to measure along AB diiecth , so 1) is to bo fixed from C, a third known point 
Calculate 

(a) The co-ordinates of 1) 

(fj) The lengtli and bcaiing of CJJ 

(r) The angle ACD, given tliat the boaring of A C is 38° 24' E of N (Univ. 
of Lond , 1916 ) 

16 The following ti averse is run from A to E, between which there occur 


certain obstacles 

Line 

Distance in feet 

Bearing 

AB 

426 

38° 20' 

BC 

518 

347° 55' 

CD 

606 

298° 12' 

DE 

430 

29° 46' 


It IS requiied to peg the point midway between A and E Calculate the length 
and healing of a line from station C to the lequiied point 

17 It IB required to set out a lino AC, of length 2,068 ft , at right angles to a 
given line AB This is done by tra\eising from A towards C, the observations 
being as follows 


Line 

Lenifth In feet 

Bearinf( 

AB 


360° 

AD 

731 

113° 48' 

DE 

467 

81° 18' 

EF 

583 

105° 57' 


Compute the necessary length and boaring of FC 

18 From a point C it is required to set out a line CD parallel to a given 
line AB, and such that ABD is a right angle C and D are invisible from A 
and B, and traversing is performed as follows — 


Line 

Lenffth In feet 

Bearing 

BA 


360° 

BE 

258-5 

290° 57' 

EF 

307-0 

352° 6' 

FC 

196 5 

263° 27' 


Cfilcul&to the required length and bearing of CD^ 
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19. A and B are two of the stations used in setting out construction lines 
for harbour works The total latitude and departure of A, referred to the origin 
of the system, are respectively -}-542 7 and —331 2, and those of B are +713 0 
and + 587 8 feet (north latitude and east departure being reckoned as positive) 
A point C 18 fixed by measuimg from A a distance of 432 ft on a bearing of 
346° 14', and from it a line CD, 1,152 ft in length, is set out parallel to AB. 
It IS required to check the position of D by a sight from B Calculate the bear- 
ing of D from B (Inst C E , 1925 ) 

20 A mistake has been made m the tabulation of the numerical values of 
the co-ordinates of the following closed suivey Eliminate the mistake, and 
compute the closing erroi 


Line 

Length in feet 

lleannjr 

Latitude 

Departure 

AB 

7.32 

360" 0' 

7.32 0 

0 

BC 

.328 

29r 11' 

118 5 

305 8 

CD 

607 

253 ’ 39' 

1 70 9 

582 5 

DE 

.523 

158° 51' 

487 8 

188 7 

EF 

441 

209" 30' 

483 8 

217 2 

FG 

.505 

67° 22' 

191 3 

466 1 

GA 

4.52 

90 ' 12' 

1 6 

4.52 0 

21 The follow 

ing re.siilts aie 

obtained on 

working out the co-oidmates 

closed surve\ in wdiicii the healings hH\e been satisfactoiily checked 

Line 


Tiatiludo 111 feet 


Departure in feet 

AB 


h663 5 


- 379 0 

BC 


+ 383 0 


+ 402 5 

CD 


-476 1 


-h 493 6 

DE 


-877 2 


+ 241 7 

EA 


-1-404 0 


-785 8 


By inspection, estimate where a mistake has probably occurred m the 
chaining 


22 A and B are two stations of a location travel se, their total co-ordinates 
in feet being 


Lititurte Total Deuarture 


A 34,321 7,509 

B 33,670 9,652 


A straight reach of railway is to run from C, roughly south of A, to D» 
invisible from C and roughly north of B, the offsets perpendicular to the rail- 
way being AC — 130 ft. and BD^72 ft 

Calculate the bearing of CD. (R T C , 1919.) 


23 From a common point A, traverses are conducted on either side of a 
harbour as follows 


Line 

( 1 ) 

I^neth m feet 

Bearing | 

Line 

( 2 ) 

Length in feet 

Bearing 

AB 

875 

74° 

AE 

348 

192° 

BC 

320 

109" 

EF 

436 

160° 

CD 

1,064 

82° 

FG 

521 

97° 




GH 

1,683 

89° 


Calculate the distance from H to a point K on GH dne south of D and thQ 
distance DK, 



THEODOLITE AND COMPASS TRAVERSING 203 


24. The table below shows the positions of tliree stations in wooded country. 
It IS required to set out the straight line from A to B, and to peg the point on 
it at which a perpendicular from C meets the line. Calculate the bearing of AB 
and the distance from A to the foot of the perpendicular 


Station 

Total Latitude In feet 

Total Departure in feet 

A 

635 3 S 

1,764 2 W 

B 

238 7 S 

4,021 8 W 

C 

426 0 N. 

3,122 5 W 

25 The following 

co-ordinates are those of 

a shore traverse round a bay. 

of which soundings are to be taken in lines 200 ft apart 

Line 

Latitude in feet 

Departure In feet 

AB 

-1,040 

- 892 

BC 

- 925 

+ 608 

CD 

- 378 

- 413 

DE 

- 582 

+ 779 

EF 

-1,233 

+ 645 

FG 

h 150 

+ 1,231 

OH 

+ 762 

- 1 - 813 

HI 

+ 1,106 

+ 879 

IJ 

+ 1,283 

- 174 

A J IS one of the linos of soundings, and the otlier lines are to be laid out 
parallel to AJ Compute, to the nearest foot, the positions on AB and IJ of 

the signals maiking the line adjacent to AJ 

(TC D , 1930 ) 

26 The following are the co-ordmates, in feet, of a senes of survey lines 

Line 

Latitude 

Departure 

AB 

326 S 

978 W 

BC 

641 S 

230 E 

CD 

508 S 

392 E 

DE 

137 N 

425 E 


A line is to be set out from E on a bearing of 342°. Calculate at what distance 
from A it intersects the line AB. 


27 M and N are adjacent stations of a large traverse survey, the length and 
bearing of MN being 2,364 ft and 136° 48' respectively From station M an 
unclosed traverse, Mabcde, referred to the meridian of the survey, was run out 
for tracing a stream, and the following are the co-oidmates, in feet, of this 
subsidiary traverse 


Line 

Latitude 

Departure 

Ma 

293 S 

246 W 

a h 

506 S. 

184 E 

h c 

455 S 

217 W. 

c d 

612 S 

206 E 

d e 

307 S 

424 E 

From station N 

a similar traverse Ni234 was run, and the co ordinates are : 

Line 

Latitude 

Departure 

Ni 

356 S. 

161 E 

1 2 

418 S. 

323 W 

2 3 

605 S. 

172 E 

3 4 

431 S. 

503 W 

It was subsequently desired to obtain 

a check closure on this part of the 


survey by measuring the distance and bearing from e to 4 Compute, to the 
nearest foot and minute respectively, the values of these quantities from 
the original measurements. (Inst C.E , 1931.) 
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28 A c’ompasE traAerse is run between two stations, X and F, of a theo- 
dolite survey, of wliicli the total oo-ordinates, in feet, are 

X, 20,374 N , 15,800 K , F, 22,053 N , 15,140 E 
The notes of the compass route are as follows 


Line 

Lendh In feet 

CumpaHS Bearing, 

XI 

426 

352° 0' 

1 2 

270 

12° 30' 

2 3 

588 

311° 30' 

34 

403 

346° 0' 

4F 

316 

6° 30' 

Magnetic north 

IS 8° 30' west of the mferidian of the theodolite survey 


Taking the theodolite work as coricct, calculate by hgw much the compass 
traverse fails to close on F (T C D , 1928 ) 

29 In a certain traverse the dnection of the first line, All, was adopted as 
the meridian, and tlie adjusted values of the co-ordinates of the (list two linos 
were, in feet. 


Line 

Latitude 

Departure 

AB 

1,326 N 

0 

BC 

689 N 

1,273 W 


At a later date a larger surv ey, leferred to a true meridian, was extended to the 
station A, and the total co-oi dinates of that jioint were found to be 23,41 fi ft N 
and 38,572 ft W , the true bearing of AB being 280^ 12' Calculate, to the 
nearest foot, the total co-ordinates of points B and C from the oi’igin of the 
largo survey 

30 The following trav’orse is luri from a station P, of which the total latitude 
and departuie are respectively 4-10,430 and — 4,(i07 ft , to a station Q of total 
latitude and departuie -f- 15,106 and —4,488 ft lospectively 


Line 

Leiiffth in feet 

Bearing 

PI 

473 

164° 12' 

1 2 

1,386 

183° 54' 

2 3 

721 

158° 24' 

3 4 

1,207 

190° 39' 

4Q 

634 

176° 18' 


Taking the given positions of P and Q as correct, calculate the amount by 
which the traverse fails to close on Q 

31 In the course of setting out a straight portion of a railway, pegs have 
been driven m the centre line at A and B on either side of a wood A traverse 
IS carried from A to B along the side of the wood, as follows 


Idne 

Length in chains 

Bearing 

AC 

6 43 

187° 30' 

CD 

3 88 

110° 48' 

DE 

5 21 

169° 42' 

EB 

4 06 

78° 18' 


If A 18 393 21 chains from the commencement of the railway, find the corre- 
sponding distance of B, whicli is farther along the railway 

From the traverse station D a line DF can be carried into the wood on a 
bearing of 61° 38' Compute the length of PF so thp,t F may be pegged as an 
mterin^diate pomt on AB, 
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32 A series of traverse lines was lun b> tlieodolite at the top of a wooded 
gcr^e A compass tiaverse was earned along the stream, and was connected 
to the theodolite survey at both ends, as shown in the following notes Assum- 
ing thaf^ie theodolite traverse is correct, find the closing erroi of the compass 


work. 

Theodolite TiaveiHe 


Line 

Length in feet . 

Beannir 

AB 

361 

98° 20' 

BC' 

514 

136° 31' 

CD 

482 

100° 9' 

DE 

737 

84" 42' 


Line 

Compass Traverse 

Length in feet 

Magnetic 

Bearing 

AB 


112° 

Al 

186 

74° 

1 2 

225 

88° 

2 3 

380 

125° 

3 4 

155 

196° 

4 5 

47(> 

139° 

5 6 

303 

81° 

6E 

540 

119° 


33 From a tiaverse station P, the total co-oiilmates of which are 480 ft S 
and 12,374 ft K , a line is set out on a hearing of 40" 12' Fiom a station Q, 
having total co-ordinates 1,026 ft S and 15,18S ft F , a line is set out on a 
bearing of 325^" 30' Calculate the total co-ordinates of the point of inter- 
section of these lines 

34 It is required to ascertain the distance from A to an inaccessible point 
B invisible from A A straight line CAD is run, of which AC -=240 ft and AD 
— 190 ft , and angles ACB and ADB aie found to bo 04'’ and 72" respectively 
Calculate the distance A13 

35 The notes of part of a travel se survey aio 


Line 

Length In feet 

Bearing 

AB 

4,050 

N ]2°25'E. 

BC 

3,763 

N 1° 20' W 

CD 

5,300 

N 2° 40' E 

DE 

2,911 

N 7° 15' W 


The bearing from A to an inaccessible point O is N 35° 10' W , and from 
E its beaiing is S 43° 55' W Calculate the distance of O fiorn C (R T.C , 
1919 ) 

36 From the initial station A of an unclosed traverse the bearing of a dis- 
tant point X IB observed to be 62° 18' From station K, which is 6,838 ft. 
N and 3,016 ft W of A, the bearing to X is 91° 37' Calculate the bearing of 
X from T, of which the total ca-ordmates loferred to A are 11,273 ft N and 
1,419 ft E 

37 It IS required to determine the distance between two inaccessible 
points A and B by observations fiom stations C and D 1,000 ft apart The 
angular measurements give ACB — 47°, BCD- 58°, BDA--49°, ADC- 59°. 
Calculate the distance AB 


38 The readings m the annexed table were obtained in a closed compass- 
traverse on an area subject to irregular local magnetic attraction at each 


Inne 

Forward 

Bearing 

Back 

Length 

line. 

AB 

85° 24' 

268° 42' 

536 

BC 

164° 54' 

340° 0' 

316 

CD 

261° 6' 

78° 42' 

634 

DE 

344° 24' 

170° 36' 

140 

EA 

8° 36' 

186° 30' 

200 
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Show how to check the accmacy of the readings, and tabulate the bearings 
you would use for plotting the different lines, in order to obtain as accurate 
a plan as is possible from these readings (The plan need not be drawn ) 

As the exact direction of magnetic North is of no importance, you may 
take the bearings observed at any one station — say A— as correct (Univ. 
of Lond , 1916 ) 

39 Distribute the angular error of the following theodolite traverse, and 
write out the corrected bearings to the nearest 10" 


AM 

205® 22' 40" 

GH 

332® 17' 30" 

AL 

178® 36' 00" 

HE 

49® 07' 00" 

AB 

93® 14' 10" 

HI 

272° 48' 20" 

BC 

161® 49' 40" 

IJ 

229® 27' 00" 

CL 

251® 43' 00" 

JK 

341® 06' 40" 

CD 

230® 51' 10" 

KL 

52® 58' 10" 

DE 

206® 10' 20" 

LC 

71® 44' 20" 

EH 

229° 07' 00" 

LA 

358® 37' 20" 

EF 

147° 56' 50" 

LM 

343® 13' 40" 

FG 

238® 36' 00" 

MA 

25° 24' 00" 


40 The distance and bearing between two points A and B have been care- 
fully determined, and the observed values, AB - 3,236 3 ft , and bearing AB = 
102® 36' 0", may be taken as correct. A theodolite tiaveise, referred to the 
same meridian, was afterwards run from A to B, and the following co-ordinates 
were obtained . 


Line 

liatitude in feet 

Departure in feet 

AC 

621 2 S 

183 6 W 

CD 

512 7 S 

924 OE 

DE 

1,029 3 S 

728 6 E 

EF 

632 8 N. 

1,566 4 E 

FB 

821 2 N. 

118 7 E. 

Adjust the co-ordinates to close on B 


41. The following are the co ordinates of the lines of a theodolite traverse, 

the bearmgs of which checked satisfactorily 


Line 

Latitude in feet 

Departure in feet 

AB 

1,426 3 N 

0 

BC 

503 4 N 

712 6 E 

CD 

617 OS. 

638 5 E 

DE 

920 8 S. 

219 OW. 

EF 

589-2 S 

427 1 W 

FA 

200 1 N. 

703 2 W. 


Balance the survey The line AB was measured more carefully than the 
others, and lay over easy ground. It may be assumed that the probability 
of error per chain length m its measurement was one -third of that in each of 
the other lines. (T.C.D., 1928 ) 

42 Balance the survey of Example (1), page 186, by assigning to the lines 
the following weights proportional to the relative difficulties of chaining — 
3, 3, 2, 1, 1 5, 1, 1 5, 2, 1 5 
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ORDINARY LEVELLING 

Levelling, or the determination of the relative altitudes of points 
on the earth’s surface, is an operation of prime importance to the 
engineer, both in acquiring data for the design of all classes of 
works and during construction 

Definitions. — A Level Surface is one which is at all points normal 
to the direction of gravity as indicated by a plumb line Owing 
to the form of the earth, a level surface is not a plane, nor has it a 
regular form because of local deviations of the plumb line caused 
by irregular distribution of the mass of the earth’s crust. The 
surface of a still lake exemplifii'S a level surface 

A Level Line is a line lying throughout on one level surface, and 
is therefore normal to the direction of gravity at all points 

The Horizontal Plane passing through a point is the plane normal 
to the direction of gravity at the point It is therefore tangential 
to the level surface at the point, and sensibly coincides with it 
within ordinary limits of sighting (page 231 ). 

A Horizontal Line passing through a point is one lying in the 
horizontal plane, and is tangent to a level line through the point 
and having the same direction 

A Datum Surface {Line) is any arbitrary level surface (line) to 
which the elevations of points may be referred. 

The Reduced Level of a point is its elevation above the datum 
adopted 

PRINCIPLES 

Difference of Level of Two Points. — The simplest operation with 
the level (page 101) is to determine the difference of level between 
two points so situated that, from one position of the instrument, 
readings can be obtained on a staff held successively upon them. 
The precise situation of the instrument is immaterial, but to 
eliminate the effects of possible instrumental error (page 227) 
the two sights should be as nearly equal in length as can be judged. 
Having set the instrument on firm ground, it is levelled by the 
foot-screws, and the eyepiece is focussed. The staff man is then 
instructed to hold the staff vertically upon the first point. The 
observer, having directed the telescope towards it and focussed, 
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notes the reading (page dl4), exercising care to ensure that the 
bubble is central during the observation The staff is then held 
upon the second point, and the telescope is pointed to it. Before 
sighting, the leveller should examine the bubble to see that it 
preserves its central position ■ if it does not, it must be returned 
to the centre by manipulation of the levelling screws or the tilting 
screw. The second staff reading is then obtained 





Fig 188 


Calculation of Difference of Level. — Let the difference of level 
between A and B (Fig 188) be required. The respective staff 
readings are 7-24 and 2*01 ft , so that A is 7-24 ft below the first 
line of sight, and B is 2 01 ft below the second But the two lines 

of sight he in the same horizontal 
plane, any want of coincidence be- 
tween their planes, due to relevelling 
the instrument for the second observa- 
tion, being insignificant The staff 
readings are therefore measurements 
made vertically downwards from a 
horizontal plane, and this horizontal 
plane practically coincides with the level surface through the tele- 
scope axis The difference of 5 '23 ft between the readings is 
therefore the difference of level between A and B, the smaller 
reading being observed on the higher point. 

Now, let it be assumed that the reduced level of A is known 
to be 100 ft above a jiarticular datum, then that of B is obtained 
as 105-23 ft above the same datum by application of the difference 
of level, adding a rise and subtracting a fall. Alternatively, the 
reduced level of B may be found by referring to that of the lines of 
sight. By adding the first reading to the reduced level of A, the 
instrument height, as it is termed, is found to be 107-24. But B 
18 2 '01 ft. below this level, so that its reduced level is obtained as 
105-23 by subtraction 


Series Levelling. — The more general case occurs when the two 
points to be compared are so situated, by reason of their distance 
apart, their difference of level, or the intervention of obstacles, 
that it is impossible from any one instrument station to read a 
staff held successively upon them. In these circumstances, the 
work is performed in a series of stages, to each of which the previous 
method is applied. Thus, in Fig. 189, the difference of level between 
A and D is determined by observing that from A to a convenient 
point B, and then proceeding similarly from B to C, and from 
CtoD. 

The instrument is therefore first set up in such a position as 1, 
from which a staff held on A can be read and a clear forward view 
obtained When the sight on A has been taken, the staff man, 
proceeding up the slope, selects a firm point B on which to hold 
the staff. The first stage is completed by noting the reading on 
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B, and the instrument is then transferred to position 2, the staff 
meantime being held on B When the instrument is levelled, the 
staff on B is again sighted, so that the level of B may be compared 



with that of a convenient point C iii the same manner as before. 
A third step suffices to reach the point D 

It will be evident that the essential feature of the system lies in 
the observation of two staff readings on each of the points B and C, 
one before, and the other after, moving the instrument When the 
instrument is being shifted, the staff must not be moved, and, 
while the staff is being earned forward, the instrument must remain 
stationary. Points such as B and C, on which the staff is held to 
permit the transfer of the instrument, are called change points or 
turning points It is unnecessary that they should lie in the line 
AD. The essential requirement is that they should be unyielding 
points, to avoid any risk of settlement occurring between the two 
observations (page 229) 

Backsights and Foresights. — The word sight ” is used to denote 
either an observation or the resulting reading. 

A Backsight is the first sight taken after setting up the instrument 
in any position. 

A Foresight is the last sight taken before moving the instru- 
ment. 

The first sight on each change point is therefore a foresight, 
and the second a backsight : every line of levels must commence 
with a backsight, and finish with a foresight. In Fig. 189 the 
sights lA, 2B, and 3C are backsights, while IB, 2C, and 3D are 
foresights. The two sets of sights are distinguished because they 
are differently applied in the calculation of the levels. A back- 
sight is always taken on a point the reduced level of which is known 
or can be computed. By addition of the backsight to that level, 
the instrument height can be obtained A foresight is always taken 
on a point of unknown level with the object of ascertaining its 
level by subtraction of the foresight from the known instrument 
height 

The terms, backsight and foresight, are unfortunate because they 
imply direction. The sights may be taken in any direction, the 
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terms having no other significance than that contained in the 
above definitions 

Intermediate Sights. — When the backsight has been taken, the 
observer is in a position? to determine the level not only of the next 
change point, but of any number of points within range Thus, 
in the course of the operations of Fig 189, it may be desired to 
obtain the elevations of certain points E, F, G, and H The staff - 
man on his way from B to C holds the staff on E, F, and G succes- 
sively, and the leveller takes a single sight on each The point H 
is observed from the next instrument station Sights taken between 
a backsight and a foresight to ascertain the levels of points are called 
Intermediate Sights 

Datum. — To define the relative altitudes of a series of points, it 
is sufficient to ascertain their elevations above any one datum 
surface. A reduced level for one of the points may therefore be 
assumed arbitrarily, and those of the others are deduced from it 
Many advantages, however, accrue from the adoption throughout 
a country of a standard datum of reduction Mean sea level, as 
ascertained by prolonged observation, affords a universal datum, 
and is that most generally chosen 

The standard datum of Great Britain is that of the Ordnance 
Survey This was originally the assumed mean level of the sea at 
Liverpool It was obtained from a short senes of observations in 
March 1844, and is believed to be about 0 65 ft below the general 
mean level of the sea round the British coast With the object of 
establishing mean sea level with greater precision, hourly observa- 
tions were made at Newlyn, in Cornwall, during the six years, 
1915-21 Mean sea level at Newlyn is the new Ordnance datum, 
and a revision of the levelling of Great Britain has been undertaken 
with respect to this datum At present, 1931, both the Liverpool 
datum and that of Newlyn are in use, but the levels of each 
county are being referred to the new datum as it comes under 
revision * 

The datum for Ireland was fixed on April 8th, 1837, as the level 
of a particular low tide in Dublin Bay, and is about 8 5 ft below 
Ordnance datum in Great Britain 

Bench Marks* — A bench mark is a fixed point of reference, the 
elevation of which is known. In mapped countries, bench marks 
are established at intervals throughout the country by the State, 
and their positions and elevations above the standard datum are 
published Surveyors have thus a ready means of expressing 
reduced levels in terms of standard datum by commencing a 
series of observations with a reading of the staft held on a bench 
mark. 

♦ “A Description ot the Ordnance Survey Large Scale Maps,” Oidnance 
Survey Office, Southampton, 1930. 
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Standard bench marks take various forms In Britain, Ordnance 
bench marks (O.B M.) are chiselled on buildings, milestones, etc., 
in the form of an arrow and a horizontal groove (Fig 190), the 
centre line of which defines the elevation The new Ordnance 
bench marks are cut on bronze tablets let into walls, etc. The 
position of bench marks and their elevations in 
feet above Ordnance datum are shown on the 
1/2,500 and 1/10,560 Ordnance maps, to the nearest 
0-1 ft in the case of maps which refer to the 
Liverpool datum and those based on Newly n which 
were published before April 1929. Maps published 
after that date, and referred to the Newlyn datum, Fio 190 . 
give the elevations of bench marks to -01 ft On Oudnance 
these sheets the average difference between the old Beni’k Mark. 
and new elevations of bench marks is stated to the 
nearest 01 ft This difference varies throughout the country, since 
it IS due not only to the change of datum, but also to the correction 
of the old work. 

The surveyor may have occasion to establish private bench 
marks for his own use Thus, in the construction of engineering 
works, repeated levelling between the nearest Ordnance bench mark 
and the site of the work may be obviated by carefully determining 
at the outset the elevations of a number of permanent points at the 
site, these being referred to as required When levelling in un- 
mapped country, the surveyor should leave marks on rocks, etc , at 
intervals, for convenience in connecting on to his assumed datum 
at a future date 

Level Book.— The level book is ruled on the left-hand pages for 
the entry, in tabular form, of the field observations and for their 
reduction, the opposite pages being reserved for descriptions and 
remarks. Various forms of level book, differing in the number 
and arrangement of the columns, have been proposed with a 
view to facilitating the entry of the observations and the figures 
required in reducing, as well as the extraction of quantities to 
be plotted 

Staff readings are entered in the different forms in one, two, or 
three columns The single column method is not recommended, 
as it necessitates the use of notes or symbols to distinguish back- 
sights from foresights In using two columns, the first is reserved 
for backsights, and in the second are entered intermediate sights 
and foresights, these being similarly applied in reducing the levels. 
With three columns, the intermediate sights aie separated from the 
foresights, and checking of the reduction is thereby facilitated, so 
that this system is most generally followed 

Booking and Reduction of Levels. — The observations shown in 
Fig 189 may be used to illustrate the method of entering staff 
readings and reducing the levels In form A the first three columns 
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are reserved for staff readings, which are entered in the appropriate 
columns, in the order of their observation, as shown. 

LEVEL BOOK A 


Back- 

Right 

Inter 

Sight 

Fore- 

sight 

Bine 

Fall 


1 Bemarks 

6 38 





50 00 

A 

5 97 


1 17 

5 21 


55 21 

B 


2 10 


3 87 


59 08 

E 


1 6 35 



4 25 

54 83 

F 


10 20 



3 85 

50-98 

G 

1 53 

1 

1 

8 22 

1 98 


52 96 

C 


0 90 


0 63 


53 59 

H 


1 

3 76 


2 86 

50 73 

D 


13 88 
13 15 


0 73 Rise 


13 15 11 69 10 96 

10 96 


0 73 Rise 


50 00 
0 73 Rise 


Each point on the ground is represented by a horizontal line, and, 
since the staff is read twice on a change point, the backsight to it is 
entered in the same horizontal line as the previous foresight 

The next three columns are used in the reduction of the levels by 
the “ rise and fall ” system or method of differences, as outlined on 
page 208. Each point on the ground, after the first, is compared 
with that preceding it, and the difference of level, deduced from a 
comparison of the staff readings, is entered as a rise or a fall. Thus, 
from A to B wc have a difference of 5-21, which is entered as a rise, 
since the second reading is smaller than the first, A being farther 
below the line of sight than B The rise of 3-87 from B to E is 
obtained by comparing 2 10 with 5-97, since these readings were 
observed from the same instrument station. No comparison is 
made of the figures 117 and 5-97, since they are common to one 
ground point and merely show the change of elevation of the 
instrument from 1 to 2. 

On completing the tabulation of rises and falls, the accuracy of 
the arithmetical work should be checked The difference between 
the sum of all the backsights and that of the foresights represents 
the difference of level between the first and last points, and should 
equal the difference between the sum of the rises and that of the falls. 

To compute the reduced levels, let it be supposed that A is 
known, or assumed, to be 50-00 ft above datum. Since the differ- 
ence of level between consecutive points has been ascertained, it is 
only necessary to apply these successively, each reduced level 
being obtained from that of the preceding point by adding the rise 
or subtracting the fall between them. The calculation of the 
reduced levels is verified if the difference between the first and last 
equals the previously obtained total difference. 
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In book B the readings are entered as before, but the reduction 
is intended to be performed by the instrument height or collimation 
method, the principle of which was stated on page 208 A column 
is provided for noting each instrument height or elevation of the 
plane of sight, from which the reduced levels are to be computed. 

LEVEL BOOK B 


Back- 

sight 

Inter 

Sight 

Fore- 

sight 

lust 

Height 

Keduced 

Level 

nistaiice 

Bemarks 

6 38 



56 38 

50 00 


A 

6 97 


1 17 

61 18 

55 21 


B 


2 10 



59 08 


1] 


6 35 



54 83 


F 


10 20 



50 98 


G 

1 53 


8 22 

54 49 

52 96 


C 


0 90 



53 59 


H 



3 7fi 


50 73 


D 


13 88 13 15 50 00 

13 15 

0 73 Rise 

0 73 Rise 

The level of the first plane of sight, being 6 38 ft above A, is 
evidently obtained by adding the backsight to 50*00, the known 
elevation of A , and the sum, 56*38, is entered in the instrument 
height column horizontally opposite the backsight The reduced 
levels of all other points on which the staff was read from the first 
instrument station can be obtained from this elevation by subtract- 
ing their readings, so that the reduced level of B is found to be 
55*21 by deducting the foresight 1-17. The next instrument height, 
61*18, is then obtained by adding the new backsight, 5*97, to 55 21, 
the level of the change point, and the succeeding intermediate 
readings and foresight are subtracted as before Each backsight falls 
to be added to an already known reduced level to obtain an instru- 
ment height, from which intermediates and foresights are subtracted 
to give reduced levels. 

As before, the difference between the sum of the backsights and 
that of the foresights equals the difference between the first and 
last reduced levels, but this check verifies the calculation of the 
instrument heights and levels of change points only. Each reduced 
level is not obtained from the preceding one, as in the previous 
method, so that an error made in the reduction of an intermediate 
sight is not carried forward. Intermediate levels may be checked 
either by repeating the subtractions or by applying the following 
rule : The sum of all reduced levels except the first = (each instru- 
ment height) X (the number of intermediate and foresight observa- 
tions made from it) —(the total sum of the foresight and intermediate 
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readings) In the example, 377-38 =(5()-38 x 1+61-18x4+54-49x2) 
^(13-15+19-55). 


LEVKL BOOK r 


Ha(k- 

MKllt 

Fore- 

HlKllt 

Inst 

Hemlit 

Kedured 
Le\ el 

Distance 

Kemarks 

0 38 


56 38 

50 00 


A 

5 97 

1 17 

()l 18 

55 21 


B 


2 10 


59 08 


K 


(j 35 


54 83 


F 


10 20 


50 98 



1 53 

8 22 

54 49 

52 90 


C 


0 90 


53 59 


11 


3 70 


50 73 


1) 


13 SS 
13 IT) 

0 73 Riso 


50 00 
0 73 Biso 


The two-column system of booking is illustrated in book C 
Reduction may be performed by either the rise and fall or instrument 
height method, care being taken, in checking, to add the approx)riate 
figures from the second column 

Notes — (1) Rapidity in reducing is arquiiod by piaotice In finding uses 
and falls, the beginner should keep in mind that the second of two figuies 
being compared lies in the lower line, and is either diie(tl> below or to the 
right of the first 

(2) Checking is essential, as slips aie easily made In a long senes of levels, 
each page should bo checked befoie starting with the next It is best to 
check from the last entry on the previous page, and this reading, whether a 
backsight or an intermediate, is included in tlie backsight summation Jf 
the last reading on the page being checked is an intermediate, it is summed 
with the foiesights, but if a backsight, it is not meluded 

(3) To minimise the waste of time occasioned by an arithmetical slip, rises 
and falls should bo checked before lodiicod levels aie filled in With the same 
object, instrument heiglits and levels of change points may be woiked out 
and checked before reducing intermediate readings 

(4) It IS to bo observed that the field woik is in no way verified by these 
checks, which arc applied simply to detect and eliminate aiithmctical errors 
in reduction. 

Comparative Merits of Reduction Methods. — The instrument 
height system is economical of figuring, and proves the more rapid 
method It is well adapted for reduction in the field, particularly 
in setting out levels for constructional work. If, as is usually the 
case, the somewhat tedious check on intermediate levels is neglected, 
it is open to the objection that a mistake in an intermediate reduc- 
tion may pass unnoticed This disadvantage is entirely absent in 
the rise and fall method, which affords a complete check, only 
vitiated if mistakes balance By reason of its greater certainty, 
the use of the latter method is sometimes insisted upon in important 
work. 
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FIELD WORK 

The operations of ordinary levelling are 

1 The determination of the difference of level of two points. 

2 The running of sections 

3. The setting out or giving of levels for constructional purposes. 

4 The running of contour lines (Chap VI) 

Determination of the Difference of Level of Two Points. — Ordinary 
levelling for the ultimate purpose of comparing the levels of two 
points only has sometimes to be performed by the engineer in the 
manner already described If the points are in the same vertical 
line, the use of a level and staff is often preferred to taping When 
both points cannot be seen from one set-up of the instrument, it is 
necessary to run a line of levels between them, observing backsights 
and foresights only 

Sectioning. — The running of a section is the most common levelling 
operation, and consists in obtaining a record of the undulations of 
the ground surface along a particular line, straight or curved, so 
that they may bo represented to scale This involves observing 
not only the elevations of a number of points on the line, but also 
their distances along it It is important that the points selected 
should be those at which the inclination of the ground sensibly 
changes, so that, having plotted them, it is justifiable to assume a 
uniform slope between each consecutive pair Thus, in Fig 191, 
a represents the actual undulations of a piece of ground • if the levels 
and chain ages of the salient points numbered are observed and 
plotted, a good representation of the slopes is obtained even although 
the points are joined by straight 
lines as in b Fig c shows the 
serious misrepresentation pro- a 
duced by omission to observe 
points 3 and 5 On the other 
hand, if, as in running a section ^ 
along a road or a railway, the 
points of change of gradient are 
not evident, it is permissible to 
observe equidistant points, say 
a chain length apart. 

Longitudinal and Cross Sections. — Sections are of two kinds : 
(a) Longitudinal Sections, or Profiles , (b) Cross Sections. 

A longitudinal section is one which follows some predetermined 
line, usually the centre line of proposed work, e.g. a road, railway, 
canal, or pipe-line By means of such sections the engineer is enabled 
to study the relationship between the existing ground surface and 
the levels of the new work in the direction of its length In the 



Fig. 191 . 
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design of works, it is frequently necessary to run longitudinal sections 
along various proposed centre lines and compare the costs of the 
several schemes 

Since a plotted profile cannot exhibit any particulars as to the 
character of the ground on cither side of the centre line, it does not 
convey sufficient information for the complete design of works. 
In the case of those which occupy a very narrow strip of ground, 
e gr. a pipe-line, it will, however, be sufficient to assume that the 
ground within the limits of the width of the work is level in a 
direction normal to the centre line Otherwise, additional informa- 
tion is required, and this is conveniently obtained by means of cross 
sections, which are sections taken at right angles to the centre line 
and of sufficient length to embrace the limits of the work on either 
side. 


LONGITUDINAL SECTIONS 

Field Party. — The work is most expeditiously performed by a 
party of four, viz 

The Leveller, who directs the ranging of the line, sees that the 
staff is being held on suitable points, uses the instrument, and books 
the staff readings and distances 

The Staff man, who holds the staff and calls out the chainages. 

Two Chainmcn, who manipulate the chain. 

Commonly one of the chainmen holds the staff, the leveller having 
to wait while the chain is being pulled forward If only one assistant 
is available, much time is wasted by the surveyor having to leave 
the instrument in order to take part in the chaining. 

Equipment. — Essential — Level, Staff, Ranging Poles, Chain or 
Band, Arrows, Chalk, Level Book, and Pencil 

Optional . — Tape and Plumb Line for stepping. 

Running the Section. — If necessary, the line of the section must 
first be set out by locating a sufficient number of points to define 
the straights and curves, intermediate poles being ranged by eye. 
In a long section only a sufficient length should be ranged in advance 
as will occupy, say, half a day to level. 

It frequently happens that the section is run along the courses 
of a traverse survey. If the traversing has been completed pre- 
viously, it is necessary to recover the stations by reference to the 
notes describing their positions, and the lines must be ranged afresh. 
In mapped country it may not be necessary to run a traverse, and 
the line of the required section is drawn on a map, from which 
it has to be set out by the levelling party. Its position relatively to 
buildings, fences, and other definite features represented on the 
map is obtained by scaling, and the scaled dimensions are repro- 
duced on the ground. In cases where a number of points so located 
are intended to lie on a straight line, it frequently happens that they 
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fail to do so exactly on account of errors of scaling and of measure- 
ment, but it is usually quite sufficient to range a straight line by eye 
in such a position as will average out the irregularities. In districts 
where there is a scarcity of well-defined detail the transfer of the 
section line from the map to the ground is sometimes troublesome, 
and it becomes necessary to set it out by theodolite. 

To refer the levels to a standard datum, levelling should start 
from an Ordnance bench mark, and the position and value of that 
nearest the beginning of the section should be extracted from an 
Ordnance map before proceeding to the ground Levelling is 
conducted from the bench mark, by observing backsights and fore- 
sights only, until the instrument can be placed in a position from 
which the first part of the section can be commanded. 

Chaining is now commenced, and the staff man proceeds along the 
chain, and holds the staff at all points of change of slope. After 
each reading is taken, he calls out the chainage of the point to the 
leveller, or he may enter them in a notebook, from which they are 
transcribed into the “ distance ” column of the level book at frequent 
intervals When the length of sight reaches the maximum permis- 
sible for good reading (page 230), or when inequalities of the ground 
prevent the taking of further intermediate sights, the leveller 
signals the staff man that he wishes a foresight The latter selects 
a firm change point, either on or off the chain line, marks it with 
chalk, and holds the staff upon it, taking due care as to verticality. 
Having entered the reading, the leveller carries the instrument 
forward He selects his next instrument station on firm ground, 
and in such a position that he can sight back on the staff, and 
also obtain an unobstructed forward view along the section. When 
the backsight observation is completed, the staffman proceeds to 
give intermediate sights as before, and this routine is followed 
to the end of the section 

As the various features lying in the section line are reached, such 
information regarding them as is likely to prove useful in the 
design of the proposed works should be acquired. Such items 
include the levels of the beds of streams, flood water levels, if indica- 
tions of them can be traced, the chainage at which fences, etc , 
intersect the line, the names and levels of roads and railways 
crossed, the headroom of bridges, etc When the section line 
passes below a bridge, readings are taken with the staff held inverted 
against the underside of the girders or arch, these being distinguished 
in booking by being marked with a plus sign or otherwise. The 
elevation of the road or rail surface on the top of the bridge is ascer- 
tained by levelling up the bank. 

Notes — (1) The ohamage should be continuous from start to finish of the 
section 

(2) The use of salient pomts on the Ime of section as change points saves 
time, but accuracy should not be sacrificed by using an unstable point on the 
line in preference to a firm point on one side. 
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(3) Time muy lie wasted excessive Tefinoineni in roadinp mteimediate 
bights In oidmarv cross-coiintiy w oik it iisuallv suffices to icad intermediates 
to the neaiest tentli of a foot only, but the lelalne importance of the staff 
points should always bo kept in yiew 

(4) See notes on expedition in levelling (page 233) 

Checking.— It is impracticable to check every elevation in a line 
of levels except by duplicating the whole of tht' observations In 
the great majority of cast's, however, it is sufficient to t(\st the 
quality of the work in so far as the change points only are concerned, 
or, in other words, to ascertain whetht'r the various instrument 
heights are correct within allowable limits of error Elevations 
obtained by mt'ans of intermediate sights from these instrument 
heights are affected by errors, and possibly by serious mistakes in 
reading or booking, but the efTects are fpiile local, and cannot be 
carried forward (page 22()) 

In a country unprovided with standard bench marks the levelling 
is checked 

(a) By adopting a sjiecial routine at the change points to render 
the w'oik self -check mg 

(ft) By levelling back to the starting-point 

In the former system, the most convc'iih'nt method of limiting the 
propagation of error and of directing gross mistaki's is to use double 
change points At each set-up of the instiiiinent two backsight 
readings are obtained on the respective change points, so that each 
instrunu'iit height is deti'r mined twice If tlu' discrejiancy betwTen 
them at any stage is no inoie than is expi'cted to arise from acci- 
dental errors, the mean is accepted Otlierwise, n'pc'at sights are 
taken on the change points l'h(' method is economical of time as 
compared with the running of a check line of levels, but does not 
provide quite such a thorough check (Vol II, Chap V) 

By the latti'r method the error of closure is exactly known if 
this exceeds the permissible error (])age 232), the work must be 
repeated A long section should be divided into parts, each to bo 
checked back before the next is levelled Check levelling may 
be conducted along the easiest return route or along the original 
change points, so that mistakes may be discovered and rectified 
expeditiously The more prominent change points should be 
referenced as temporary bench marks for possible future use 

If, however, numerous standard bench marks are available, the 
work IS completed by levelling from the end of the section to an 
adjacent bench mark, the value of which has been ascertained from 
the map. Any discrepancy between the known elevation of the 
bench mark and its value as obtained by reducing the levels may be 
accepted as the closing error, except in mining districts, where the 
possibility of irregular subsidence of bench marks makes any 
check other than levelling back to the starting-point of little or no 
value Opportunities of suitably dividing up the section by checking 
on to the bench marks near the line should not be neglected, and 
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the positions and values of adjacent beAch marks should be noted 
before proceeding to the field 

Note AVhile it is imnecossary to rediic'e all the levels as the section pro- 
gresses, backsights and foresights should bo kept summed for the purpose 
of chocking on to bonrh marks 

Plotting the Profile. — On reduction of the levels in terms of 
Ordnance or other datum, the reduced levels are available for plot- 
ting Having drawn a datum line, and marked off along it the chain - 
ages of the points to be plotted, perpendiculars arc erected, and the 
appr()])riatc reduced level is set off on each A continuous line 
joining the points so obtained represents the jirofile of the ground 

Since the horizontal distances involved are in general very much 
greater than the variations in level, it is usual to jilot vertical 
dimensions to a larger scale than horizontal distances In this way 
the irregularities of the ground are made more apparent The steep- 
ness of slopes is exaggerated, and artificial features intersected 
suffer corresponding distortion Exaggeration is of value in enabling 
the relationship between the original surface and the proposed 
levels of new worlc to be clearly and accurately shown The ratio 
of exaggeration adopted runs from 5 to 15 times and ujiwards, 
depending upon 

(a) The Character of the Ground — A greater exaggeration is 
required to exhibit the irregularities of fiat ground than those of 
rough country 

{h) The Horizontal Scale — The horizontal scale may be chosen 
arbitrarily, but it is commonly that of the jilan upon which the 
section line is drawn The smaller the horizontal scale, the greater 
should be the ratio of exaggeration 

(c) The Purpose of the Section The vertical scale should be 
increased in cases where a highly accurate representation of vertical 
dimensions is required 

If the section has been run in a district at a considerable elevation 
above sea level, the reduced levels in terms of Ordnance or a similar 
datum have large values, and to plot them to a sufficiently largo 
scale to exhibit the surface irregularities would require an incon- 
veniently large depth of paper In such a case, the base line should 
be assumed to have an elevation of a convenient number of feet 
above the datum of reduction The value of the base line may 
have to be changed several times in a long section, as it is desirable 
to maintain the lengths of ordinates within the limits of about 
1 ^ and 6 in. 

In finishing the profile, the datum and ground lines are drawn in 
black ink, and the ordinates are shown as thin blue lines If plotted 
points arc joined by a continuous curve, regard should be had to 
the character of the ground and the ratio of exaggeration adopted 
It IS usually safer to join the points with straight lines, rounding 
off sharp angles unless the exaggeration is great. The value of the 
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datum line should be given, the reduced levels written against the 
ordinates, and descriptions entered where necessary. 

Notefi --(1) Soaluijr is obviatcfl by tlie use of profile pajior having punted 
horizontal and voitual linoa Vaiious iiiliiigs aie Kold, tliat ha\ing 20 hoii- 
zontal and 4 vertical linos to the inoli being most used 

(2) Only points on the lino of seotion are plotted, and caution must be 
exorcised against including any other observations inadveitently 

Working Profile. — When the location of an engineering scheme 
has been decided, and the design made, a working section is prepared 
for the use of the resident engineer This profile incorporates the 
features of the original ground surface, as well as the levels of 
the new work, and must exhibit definite information regarding the 
relationship between the new levels and those of the original 
ground All further information likely to be required during 
construction, and which can be clearly shown, is also included 
The character of this information depends upon the nature of 
the work Part of a working profile for a railway is shown in Fig 
192 The new work is rejiresented by two parallel lines, the lower, 
in red, denoting formation or sub-grade level, ^ v the surface level 
of the earthwork, and the upper, usually in blue, representing rail 
level Ordinates are drawn, in this case at I chain intervals, and 
the datum line is figured to show distances from the commencement 
of the railway in miles, furlongs, and chains The figures written 


Q:) c> 



against the ordinates represent original ground leved, formation 
level, and depth of cutting or bank Original levels are written in 
black, formation levels in red, and depths of earthwork in red or 
blue, according as they refer to excavation or embankment The 
gradients of the new work are figured boldly, and the limits of each 
clearly shown by arrows against ordinates drawn in red The 
positions of bridges, culverts, level crossings, etc , as well as brief 
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particulars of existing features erossecl*by the line of section, are 
also entered. 


CROSS SECTIONS 

These are usually taken during the progress of the longitudinal 
section If the best results are desired, the observations may be 
made with level and staff, particularly if the cross sections are long 
More rapid methods by clinometer or hand level are sufficiently 
accurate for many purposes, and are specially suitable for short 
sections, the length of which precludes the accumulation of serious 
error. 

Interval between Sections. — The purpose of cross sectioning is to 
furnish the engineer with sufficient information regarding the levels 
of the ground on either side of the longitudinal section to enable 
him to design the intended Avorks and cnm])ut(i the quantities of 
earthwork, etc , involved To faeilitat(‘ estimation of the character 
of the ground between cross sc'ctions, they should be taken at every 
marked change of slope transverse to the longitudinal section, so 
that it IS valid to assume that the ground surface changes uniformly 
from one section to the next This desideratum is often neglected 
in practice, cross sections being commonly taken at constant 
intervals of 1 chain or 100 ft 

Setting Out. — The lines of cross sections are in general perpendicu- 
lar to the longitudinal section line and radial on curves When for 
any reason a cross section is run in another direction, the angle it 
makes with the longitudinal section must be measured, so that its 
position may be shown in plan In sectioning a wide area, e g for 
a reservoir or a dock, the cross sections may have a considerable 
length, and their lines should be set out by theodolite, box-sextant, 
or optical squaie In the case of a narrow strip of ground, e g. for 
a road or a railway, their perpendicularity is usually judged by eye 
Since cross sections must be long enough to include the width of 
the new work, a sufficient margin must be given in cases where the 
latter is not known exactly 

Cross Sectioning by Level and Staff. — The procedure is similar 
to that followed in longitudinal sectioning, but in the case of short 
sections the distances are taped A chainman remains with the 
tape box at the point on the centre line from which the section is 
projected, while the staffman takes the ring and proceeds along the 
section The chainman guides the staff holder into the perpendicu- 
lar, and calls out the measurements of the points observed If the 
leveller has only one assistant, he should first mark by arrows or 
twigs the salient points to be levelled, and note the distances on 
sketches of the sections 

The levelling of cross sections on flat ground is performed from 
the instrument stations used for the longitudinal section, but on 
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sidelong ground it may be impossible to complete any cross section 
from one instrument station In these circumstances, the repeated 
shifting of the instrument renders the progress very slow, particu- 
larly if each cross section is finished before the next is begun The 
number of instrument stations may be greatly reduced by sighting 
from each the several points within range on a number of sections 
Thus, in Fig 193, the points a may be observed from the instrument 
station selected for the sighting of the points a of 
the longitudinal section On shitting the instrument 
up the slope, points h arc levelled, their distances 
out being measured from marks left on the centre 
line Finally, points c are observed Irom a lower 
position of the instrument 

In booking cross section observations, the staff 
readings are entered in the appropriate columns in 
the usual manner Distances along the cross sections 
must be ck^arly distinguished from those of the 
longitudinal section This is best secured by having 
ihree distance columns, the centre one being reserved 
for distances on the longitudinal section, and the 
others for the cross section measurements to right 
and left resjiectively If only one eolumn is provided 
Auer age Section distance, the cross section measurements may 

Fig 193 entered in it with /? or L written after each to 

signify whether the measurement is to the right or 
left of the centr(‘ line It is, however, preferable to reserve the 
single distance column for longitudinal section measurements only, 
and to enter trail, sverse di.stances in the remarks column (^are 
must be exercised in booking cross sections which are ob.served 
in groups, as in Fig 193, and explanatory sketches are often 
necessary 

The plotting of cross sections observed as above is similar to that 
of profiles, except that, for the jiurposes of showing and measuring 
new work, it is more useful m this case to have vertical and hori- 
zontal measurements plotted to the same scale The scale is com- 
monly that used for the vertical dimensions of the profile It is 
usual to arrange the cross sections on a sheet in rows on a series of 
vertical centre lines. The elevations represented by their datum 
lines may be frequently altered to keep the ordinates reasonably 
short To economise room, datum lines and ordinates are sometimes 
omitted in inking in, and the reduced level at the centre is written 
horizontally on the ground line 

Cross Sectioning by Hand Level. — The hand level is held at a 
constant known height above the ground either by supporting it 
against a pole or by standing erect when sighting, the height of the 
eye having been measured The surveyor stands over the centre 
point, and observes and notes the readings on a levelling staff or a 
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ranging rod, and books the taped distances Alternatively, the 
staff may first be held on the centre point and a backsight taken on 
it from a convenient position It may be necessary to move the 
instrument in running a section on steep ground, and this is effected 
by sighting on a change point as in ordinary levelling Since the 
level of the centre point is obtained troni the longitudinal section, 
the levels may be redueed, but it is more usual to plot the section 
by setting down the staff readings from the line, or lines, of sight 

Cross Sectioning by Theodolite.— On stec]) ground the labour of 
frequently changing the instrument is obviated by the use of an 
inclined line of sight roughly parallel to tlu^ ground and of known 
inclination This is most accurately given by the theodolite 

In Fig 194, the theodolite is set 
over the centre line maik, the level 
of which IS known Having levelled 
up, the height of the horizontal axis 
abov(^ the ground is taped and noti^d 
The line of sight is set roughly paralhd 
to the ground, and the vertical circle 
IS clamped at th(‘ neaiest whole \i'ui 10 1 

degree, the angle being booked Tlu^ 

inclinations of the Iiik' of sight on either side ot th(‘ instrument 
need nob be th(^ same, and may differ considerably on rough ground 
Wherci the general slope of the ground is fairly uniform, howc‘ver, 
the value of the angle of elevation on the u])hdl sid(‘ is reproduced 
on the circle as an angle of depi(‘ssion on the downhill side in older 
to simplify the plotting a little The rc^adings ot th(‘ staff held 
vertically at the various salient ])oirits arc' obsc'i’ved Distance's are 
taped along the line of sight, the staffman holding the ring of the 
tape against the staff as nearly at the reading as he can judge, while 
the measurements are read by the chainman at the' lioiizontal axis 
of the instrument In the case of long sections, two tapes should be 
tied together 

The results of the obscivations are usually booked in columns, 
but may be noted on sketches In the* tabular arrangement, the 
middle column should show the chainage at which the cross section 
is taken, the height of the telescope axis above the ground, and the 
elevation of the instrument station, if it is already known The 
adjacent columns to right and left are reserved for the veitieal 
angles observed on the corresxiondmg sides of the section, the 
entries being marked plus or minus, or c or c/, to distinguish eleva- 
tions and depressions In the rc'maming columns on either side are 
booked the staff readings, with the corresponding distances written 
below If sketches are preferred, they may be made on the lines of 
Fig. 194, with the dimensions emtered in place Otherwise, use is 
made of a survey field book with tw'o rulings dow n the middle of the 
page, and in the space between them the chainage, height of axis, 
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etc , are entered as in tte tabular method The vertical angles 
are figured prominently on the sketches on either side 

To plot the section, the reduced level of the centre point is set up 
from the datum, and from it is scaled the height of the instrument 
axis above the ground Erom a horizontal line through the point 
obtained, the line of sight is plotted by protractor The several 
distances are then marked off along the line of sight, and from 
those points verticals equivalent to the staff readings are measured 
down A continuous line through their lower ends represents the 
ground line. 

Cross Sectioning by Clinometer. -The Abney or other pattern of 
clinometer may be used in place of the theodolite This is the most 
rapid means of cross sectioning, and the rc'siilts are sufficiently 
accurate for many purposes The clinometer is iniieh used in 
location surveys 

Three systems of observation are shown in Eig 195 

(а) The observer, standing over the 
eentre point, holds the clinometer at 
a known height above the ground with 
the line of sight roughly parallel to 
the ground The angle on each side 
IS noted, readings are taken on a 
levelling staff or ranging pole, and 
slope measurements are made as in 
using the theodolite 

(б) The observer at the centre sights 
a mark on a ranging pole at the same 
height as the instrument is held above 
the ground The various angles and 
slope distances are noted 

(c) The angle and length of each 
slope are separately measured, the 
observer using method (b) and pro- 
ceeding along the section. 

Of these methods, the first is the most rapid in observation, 
booking, and plotting, and is to be preferred unless the ground is 
so irregular that the required staff readings cannot be obtained from 
two lines of sight In this case the other methods are preferable 
Method (c) is likely to prove slower than (6), but it is useful if the 
sections are long, as it avoids lengthy tape measurements If, in 
the course of using method (a) or (6), a hump occurs on a section, 
so that the sighting cannot be completed from the centre point, it 
becomes necessary to move the instrument to a point on which an 
observation has already been taken in order to continue the section 
beyond the summit Circumstances may warrant the combination 
of two or more methods on one section. 

The booking is performed in columns or with the aid of sketches, 
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as described for theodolite sectioning Sketches are useful in cases 
where the instrument has to be moved from the centre station, since 
the points from which the angles are observed can be indicated 
clearly The plotting in the case of method (a) has been described 
above In the other methods it is, of course, unnecessary to draw 
the lines of sight, the points on the section being plotted directly 
from the angles and distances. 

Notes — (1) If the clinometer is supported against a ranging pole, it is well 
to hold the latter upside down, as otherwise the pointed shoe will enter the 
ground a variable distance An Abney clinometer may be attached to the 
pole by means of a rubber band Alternatively, a wooden i od is sawn to such 
a length that, on placing the instrument on top ot it, the line of sight is 6 ft 
or other convenient distance above the ground The sighted rod, used in 
methods (6) and (c), is cut to this dimension, so that it is a little longer than the 
other 

(2) The observer may prefer not to have to carry a support for the clino- 
meter, and it IS only necessaiy for him to know the height of his eye when 
standing erect 

(3) Jf a levelling staff is used in method (a), it should have an open, bold 
graduation If readings are cstiinatod on a long ranging pole, care is required 
to avoid mistakes of a whole foot. 

Setting Out Levels. — The levels to which work is to be built may 
be shown by driving a peg or making a mark either at the desired 
level or at a stated distance above or below it In the former case, 
the required staff reading when the foot of the staff is at the correct 
level must first be deduced, and the staff is raised or lowered until 
this reading is obtained Instrument height booking will be found 
the more convenient for sueh work In the latter method, an 
arbitrary point is established, and the staff is read upon it, the 
difference between its level and that of the construction being 
communicated to the foreman There is less likelihood of mistakes 
on the part of workmen if this distance is an exact number of feet. 

Notes — (1) Tlio leveller mufat be conbtantly on Ins guard against mistakes 
and errors, as these may have very serious consoquoiices in setting out. The 
work must always be well checked against mistakes, 

(2) In setting pegs to a required level, tune is wasted by driving a peg too 
far, as it may have to be lemoved and driven afresh The latter stages of the 
driving must be jjeifoimed with caution, and the reading observed at frequent 
intervals The staffman should be told after each reading by how much the 
peg still requires to bo lowered If, however, a peg is only a small fraction of 
an inch too low, a nail may be driven in it to the correct level to save time. 

Example — ^An engineer on works is required to give a number of levels. 
He observes a backsight on a private bench mark (P B M ) of elevation 297 34, 
and roads 4 06 He then takes a reading of 5 62 at a change point, and 
transfers the instrument to a position from which he can see the work. His 
new backsight is 3 81. He is required (a) to give a mark at elevation 296-60, 
(6) to correct a peg which is roughly indicating a height of 6 ft. above the 
bottom of an excavation to be taken out to level 291 00, (c) to check the 
finished level of different points of a concrete foundation which is intended 
to be at 293 75 In the second case he reads 3 45 when the staff is held on the 
peg, and in the last his readings are 6 88, 5 86, 5 85, and 5 89 


p G.s I — Q 
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Tlie height of instrument trom which the required observations are taken is 
297 34 + 4 06-6 62 + 3 81-299 69 

(а) To set out a level of 296 60, the staff must be adjusted until the readmg 
obtained is 299 59 — 296 60- 3 99, the mark being made at the bottom of the 
staff 

(б) Tlie elevation of the peg 16 299 69 — 3 45 — 296 14 As the peg is intended 
to be at 296 00, it must be lowered by 0 14 ft , or until a reading of 3 59 is 
obtained with the staff held on it 

(c) If the foundation were at the correct level of 293 75, each staff readmg 
would bo 299 59— 293 75 — 5 84 The work is therefore too low by J in , J m , 
I m , and J m at the respective points 


Levels given in this way can be transferred within a limited 
distance by the workmen by the use of a straight edge and small 
spirit level This is also accomplished by means of T-shaped 
crosshcads or boning rods, which furnish a line of sight whereby, 
from two given pegs, points at the same level or on the same 
gradient may be established in their line In Fig ]9(), A and B are 

pegs set on a particular gradient 
and, say, 100 ft apart The 
foreman, holding a boning rod 
on A and looking along the top 
of it at the top of a similar 
rod held on B, can direct the 
adjustment of points such as 
C and I) into the gradient by judging when the upper surfaces 
of the boning rods held upon them are in the line of sight 



Setting Slope Stakes. — See page 355, 


SOURCES OF ERROR IN ORDINARY LEVELLING 

Numerous sources of error may affect the accuracy of a line of 
levels, but the precautions against them are of a simple nature, so 
that it IS not difficult to obtain good results without delaying 
progress It is to be understood that the precautions detailed below 
refer more particularly to the observation of backsights and fore- 
sights, since an error introduced at a change point is carried forward 
throughout the subsequent work An error in an intermediate 
sight affeets the recorded level of that point only, and may not 
prove of much consequence , although it should be recognised that 
some intermediate sights may be of great importance, especially 
in engineering work The various errors and mistakes may be 
classified as ■ 

(1) Instrumental Errors. 

(2) Errors and Mistakes in Manipulation. 

(3) Errors due to Displacement of Level and Staff 

(4) Errors and Mistakes in Reading. 

(5) Mistakes in Booking 

(6) Errors due to Natural Causes 
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1, Instrumental EJrrors. — The Level — Tlfc testing and adjustment 
of the instrument have been discussed in Chapter I The important 
desideratum is that the line of sight should be exactly parallel to 
the level tube axis, so that the line of sight is horizontal when the 
bubble is at the centre of its run The ^'rror introduced by non- 
adjustment IS proportional to the length of sight, and is entirely 
eliminated between change points by equality of the backsight and 
foresight distances, but intermediate sights, being usually of various 
lengths, will be thrown into error by difterent amounts Errors 
arising from imperfect estimation of the equality of bacltsight and 
foresight distances are compensating, but if the backsights are 
consistently longer or sliorter than the foresights — a tendency to 
be guarded against on steep slopes — the error becomes cumulative 

A defective level tube may have a considerable influence If 
under-sensitive, the bubble may apparently come to rest in the 
central position although the tube axis is not horizontal, this giving 
rise to a compensating enor On the other hand, over-sensitiveness 
in an instrument for ordinary use leads to waste of time in levelling 
up Irregularity of curvature of the tube is a serious defect, the 
influence of which will, however, tend to compensation with equal 
sights 

The tri})od should be examined and loose joints tightened, as 
instability of the instrument causes waste of tune, and leads to 
erroneous readings 

The Staff — It is advisable to test the graduation of a new staff 
by a steel tajie or foot-rule, but the error is likely to be negligible in 
ordinary work There is greater probability of error through wear 
of the staff at the joints or by dirt adhering to hinges or sockets 
A telescopic staff should be let down gently to minimise wear, and 
in using the Scotch staff, the ends of the separate pieces should be 
kept clean to enable them to be pushed firmly home in the sockets 
It is also important that the sejiarate parts should all belong to 
one staff, otherwise very serious terrors of graduation may occur at 
the joints 

It may be noticed that wear at the bottom of a staff is of no 
consequence, since it is unnecessary that the zero of the graduation 
should be placed at the foot of the staff in order that differences of 
staff readings may represent differences of level An exception 
occurs, however, in obtaining the difference of level between a 
point below the plane of sight and one above, the staff being held 
inverted on the latter point In this case, the difference of level is the 
sum of the two staff readings, and an error would be produced equal 
to twice the distance between the zero of the graduation and the 
foot of the staff 

2. Errors and Mistakes in Manipulation. — The Level — The most 
serious and common mistake in observing is the omission to have 
the bubble central at the instant of sighting In the instruments 
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illustrated in Figs. 01, 100, and 102 the observer obtains, by 

reflection, a view of the bubble while he is reading the staff In 
using a level without a reflector, he should examine the bubble 
before sighting, and bring it central if necessary After reading, he 
should again glance at the bubble, and, if correct, it may be assumed 
that it remained so during the observation After the instrument is 
levelled, it should not be handled unnecessarily The tripod should 
not be grasped, and, in turning the focussing screw or wheeling the 
telescope, the application of vertical pressure should be avoided. 

The Stal} — The staff should be held quite vertical If held off 
the plumb, it will be intersected by the line of sight farther from 



Fig 197 


the foot than it should be, and the reading 
will be too great (Fig 197) As the errors 
caused by a given deviation from the 
vertical are proportional to the readings, 
special care must be taken with large 
readings Errors are avoided (a) by 
having a spirit level (Fig 304) or a 
pendulum plumb bob attached to the 


staff, to facilitate holding it plumb, or (Z>) by swinging or waving 


the staff. 


The latter is a most useful and simple method The staffman, 
holding the staff on the point in the ordinary manner, inclines it 
slowly towards and away from the instrument, on both sides of the 
vertical The observer se(\s the reading vary against the horizontal 
hair, but the smallest reading corresponds to the vertical position, 
and is that noted Waving should be performed in the direction of 
the lino of siglit only, as the leveller can detect lateral non-verticality 
by means of the vertical hair or hairs It is unnecessary and 
inadvisable to swing the staff if the reading is below about 3 ft , 
since the bottom of the graduated face is raised appreciably off the 
ground when the staff is leaning away from the instrument This 
difficulty could be overcome by fitting the bottom of the staff with 
a knife edge or pin placed in the plane of the graduated face, but such 
a design, although convenient for a precise levelling staff supported 
on a peg or a plate, is unsuitable for use in ordinary levelling 
Errors due to non- vertically of the staff tend to compensate 
at change points, but, if the backsight readings are consistently 
greater or smaller than the foresights, the error becomes cumulative 
Thus, in levelling up a slope the observer will read well up the staff 
in taking backsights and near the bottom for foresights. Careless 
staff holding increases the former without appreciably affecting the 
latter, and, in consequence, too great a rise is recorded between 
change points, and the slope appears steeper than it really is. In 
levelling downhill, the foresights are the larger readings, and their 
increase makes the fall between change points appear too great, 
so that the slope is again exaggerated In levelling over a hill, 
therefore, the error accumulated in working up one side is more 
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or less completely neutralised in descending the other side, and 
the levels may check at the finish, but the observed elevation of 
the hill is too great 

A further precaution to be observed by the staff man is to see 
that dirt does not accumulate on the foot of the staff, as this would 
cause a variable relationship between the zero of the graduation and 
the foot of the staff 

3. Errors due to Displacement of Level and Staff. — The Level — If 
the instrument is set up on soft ground, it may gradually settle 
from the moment of the backsight observation to that of the fore- 
sight This will always make the foresight reading smaller than it 
should be, giving too great a rise or too small a fall between change 
points The error is cumulative, as every settlement of the instru- 
ment increases the reduced level of all subsequt^ntly observed points 
by the amount of the sinkage It follows that the level should, 
as far as possible, be placed upon solid ground with the legs thrust 
firmly into the ground, and that time shoiihl not b(' wasted between 
the backsight and foresight observations If the engineer must 
plant the instrument upon staging, he should avoid treading on 
the planks which support it 

It sometimes happens that the level is disturbed by the tripod 
being accidentally kicked, but, as the mishap will be noticed, no 
error need result If the positions of change points have been 
marked, it is only necessary to relevel the instrument and again 
backsight on the last change iioint, substituting the new reading 
for the previous one Any intermediate points taken prior to the 
dislevelment must have their readings correspondingly altered, or 
may be observed anew If change points are not marked, it is 
necessary to return to the start or to the first change point which 
can be identified with certainty 

The Staff — A serious and common error is that occasioned by 
change of level of the staff at a change point while the instru- 
ment is being earned forward It is commonly caused by choosing 
unsuitable turning points Soft ground should be avoided owing 
to the probability of the staff sinking between tlui foresight and 
backsight observations A flat stone embedded firmly in th(^ ground 
makes a good support If only irregular or rounded boulders are 
available, the staff should be held on the highest point 
as at a (Fig 198 ) if held as at h, it is difficult to 
maintain the foot on the point while turning the staff 
to face the new instrument station The use of a peg 
or a foot-plate as a support in soft ground prevents 
sinkage Having selected a suitable point, the staff- jgg 
man should first mark the spot with chalk, and should 
keep holding the staff upon it until the backsight observation is 
completed 

Since any change of level of the staff will nearly always be in 
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the direction of sinkage, the error is cumulative The backsight 
reading on the settled staff will be too great, and the reduced levels 
of all subsequently observed points made too high 

4. Errors and Mistake; in Reading. — Small compensating errors 
occur in the estimation of the decimal part of the readings The 
increased size of the image makes estimation easier with short 
sights than with long ones, and it is desirable that important sights 
should not exceed about 300 ft , but this limit depends upon the 
quality of the telescope as regards resolving power, and also upon the 
character of the staff graduation and the clearness of the atmosphere 
Focussing must be carefully performed to eliminate parallax (page 
25) The observer should keeji moving his head up and down while 
sighting, and should adjust the focussing screw until no apparent 
movement of the horizontal hair relatively to the staff can be 
detected 

In sighting an openly graduated staff, it is sometimes difficult to 
choose betwe(‘n two possible readings differing by -01 ft The smaller 
should b(» preferred owing to the possibility of non-verticality, 
especially if the staff is not swung 

C Common mistakes made by beginners are (a) reading upwards, 
instead of downwards , (fj) reading against a stadia hair , (c) con- 
centrating the attention on the decimal part of the reading, and 
noting the whole feet wrongly , (^/) omitting the zero from decimals 
under -lO , (r) reading downwards, instead of upwards, when the 
staff IS inverted 

5. Mistakes in Booking. — These include (ri) entering a reading 
in the wrong column , (d) omitting an entry , (e) noting a reading 
with the digits interchanged , (c/) enteiing the wrong distance or 
remarks opposite a reading 

A fruitful source of erroneous booking occurs when the end of a 
line IS reached and check levelling is to be earned back along it, 
as the last change point may be used twice Thus, in Fig 199, 
from A, the last position of the instrument for 
the forw^ard levelling, the reading on the change 
^ point B IS first observed, and entered as a back- 
sight When the intermediate readings on C, 
I), and E have been noted, the reading on B is 
again observed, and must be entered as a foresight Uncertainty is 
avoided by keeping in mind the definitions of the terms, backsight 
and foresight (page 209) 

To detect mistakes in writing down readings, the best method is 
to read the staff, book the reading, and then sight the staff again 
to see that the figure booked is the correct reading 

6. Errors due to Natural Causes. — fVind and Sun. — (See page 172) 
If levelling must be performed in a high wind, an endeavour should 
be made to shelter the instrument, and high readings should be 
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avoided owing to the difficulty 6f holding a long staff sufficiently 
steady and plumb 

On hot sunny days the apparent vibration of the staff caused 
by irregular refraction makes close reading impossible, and, as a 
partial remedy, the lengths of important sights should be reduced. 
Distortion of the instrument by unequal heating and expansion or 
contraction of the staff produce errors which are negligible in 
ordinary work 

Cvrvature and Refraction — In consequence of the curvature* of 
the earth, the point read 
on the staff is not strictly 
at the same level as the 
horizontal hair of the reti- 
cule, since the line of sight 
IS not a level line In the 
observation from A to 
a staff BC (Fig 200), a 
difference C-D is developed 
between the horizontal and 
level lines through the 
instrument If the line of 
sight coincides with AC, 
the graduation C observed 
IS the distance (T) above 
the instrument height, and 
the reduced level of B is made out to be lower than it really is by 
this amount 

Denoting the length of sight by L, then, by geometry, 

L2 


Fk; 200 


C!T) 

If L IS in miles, CD 


Diameter of Earth 
667 U ft 


Actually, the line of sight is not straight, but, in consequence of 
the refraction of light in passing through layers of air of different 
densiti(*s, is, in general, a curve concave towards the earth It is 
represented by AE, so that the graduation at E is that actually 
read Under normal atmospheric conditions, arc AE may be taken 
as circular and of radius seven timers that of the earth The effect 
of refraction is therefore Jth that of curvature, but is of opposite 
sign, so that the combined error, 

ED = -STL^ft , 

by which amount the point sighted is made out lower than it 
really is 

For ordinary lengths of sights the error is very small It is 
eliminated by equality of backsights and foresights, e g between 
B and Bj (Fig 200), assuming the atmospheric conditions the 
same for both sights, but will accumulate if the backsights are 
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consistently longer or shorter than the foresights The error is 
also eliminated by the method of reciprocal levelling (see below) 

Allowable Closing Error. — The total error developed in a line of 
levels is composed partly of cumulative and partly of compensating 
error, but the more refined the procedure becomes, the more nearly 
will the former be eliminated In ordinary levelling, adherence to 
the usual precautions, especially as regards equality of backsight 
and foresight distances and stability of change points, prevents the 
propagation of serious cumulative error, and experience shows that 
the closing error of ordinary careful work may be taken as obeying 
the law of accidental error The total error is therefore proportional 
to the square root of the number of instrument stations As the 
number of stations per mile will not vary greatly for a particular 
kind of country, the error E, in feet, developed in a distance of M 
miles may be expressed as 

E = C\/M, 

where C is a constant depending upon such circumstances as the 
observer’s experience, the quality of the instruments, the character 
of the ground, and the atmospheric conditions 

For ordinary levelling on moderately fiat ground, E -- 05\/ilf 
represents good work, and is not difficult to attain under favourable 
conditions E^ -lOs/i^ represents fair accuracy under the same 
conditions, but is regarded as satisfactory on steep ground, and is 
quite sufficient for many purposes 

Reciprocal Levelling. — When the difference of level between 
two points has to be determined under conditions neci‘ssitating 
considerable inequality bet^\een the sights, the effects of collima- 
tion error, as well as of curvature and refraction, may be elimi- 
nated by reciprocal levelling The routine involves two sets of 
observations yielding two erroneous differences of level, the mean 
of which IS the true result 

Thus, to ascertain the difference of level between A and B (Fig 
201), on opposite banks of a wide river and remote from a bridge, 



Fig 201 


readings on a staff held on each point are taken from instrument 
station 1 The instrument is then transferred to position 2, so that 
2B is equal to lA, and the staff is again observed on A and B If, 
due to the combined effect of instrumental error, curvature, and 
refraction on the long and short sights, the difference of level between 
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A and B, as determined from one of the inStrument stations, is made 
too great, the other determination evidently makes it too small by 
the same amount. The mean of the two differences of level so 
obtained is therefore the required difference 

Note — In levelling of the highest precision *it would bo recognised that, 
while the elimination of instrumental eirors and the error of curvature is 
complete, that of the refraction erior is not so, owing to the possibility of 
change of atmospheric conditions during the transfer of the instrument 
(see Vol II, CJiap V) 

Expedition in Levelling. — The rate of progress possible depends 
greatly upon the character of the ground If a line of levels in- 
tersects deep wooded gorges, the necessity for numerous instru- 
ment stations on the slopes, combined with difficulty of sighting, 
makes progress much slower than in open country. Attention to 
the following items prevents unnecessary delay 

(1) The surveyor should endeavour to select instrument stations 
from which he will be able to command as much ground as possible, 
and in particular should avoid setting the instrument too high or 
too low to read the backsight 

Note To tost wliethei the staff ran ho sighted, plant two of the legs, point 
the telescojjo, and hung the bubble louglily to the contro of its run by moving 
the thud leg, letained in the haml A glance thioiigli the tolescojie will tlien 
show if tlio instrument is at a suitable height It is better if the surveyor, 
while looking thiough tlie telescope, is warned by a chainmaii wlien the bubble 
IS continl 

(2) To avoid delays arising from mistakes on the part of an 
inexperienced staffman, he should be warned of the importance 
of his share of the work, particularly with regard to change points, 
and should be instructed not to remove the staff from a point until 
signalled to do so 

(3) Misunderstandings are largely obviated by using a code of 
signals, such as 

A quick upward movement of the right hand — Observation com- 
pleted 

Both hands above the head — Hold on a change point 

Right hand waved up and down — Swing staff 

Right (left) hand up and moved to left (right), and left (right) 
hand down and moved to right (left) — Plumb staff as indicated 

Right (left) arm extended — Move staff to right (left) 

(4) It is sometimes permissible to adopt expedients which are 
not allowable when the best results are required Thus, when the 
staff, held for an intermediate sight, is a little below the line of 
sight, it can be raised a foot or two off the ground against the 
divisions of a ranging pole, the reading booked exceeding the staff 
length If a high wall has to be crossed, a circuitous route may be 
avoided by continuing the levels across with the aid of taping 
Levelling may he carried across a sheet of water by taking ad- 
vantage of the fact that the surface of still water is level. The results 
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are quite good if the obstfuction is a still pond or lake, but appre- 
ciable error may be introduced in the case of a river, unless the 
points on the water surface are directly opposite and on a straight 
reach with a symmetrical channel 

EXAMPLES 

1 T}ie followinpr staff leacliiif^s w(*to observed siieet'ssiv^elv witli a level, the 
instrument having been moverl toivvard aflei the second, fourth, and eightli 
readings 

1 67, 8 32, 4 05, 1 39, 9 83, 4 70, 5 45, 1 23, 7 36, 2 87, 5 43 

The first reading was taken m ith the stall held ujion a bc'nch mark of elevation 
75 40. Enter the readings in level book foim, and leduce the levels 

2 A line of levels has Tiocmi luii fioin a btmch maik of elevation 63 47, and 
ends on one of elevation ()3 50 The sum of the backsights is 49 26, and that 
of the foresights is 49 29 Wliat is the cdosing eiioi of the woik 

3 Starting from a bendi maik of ehwation 123 46, a survevor runs a longi- 
tudinal se( tioii 111 the eoiiise of vvhicli he takes an intermediate sight of 4 42 
with the staff held on a beneh mark of elevation 158 60 The sum of the baek- 
sights tiom the stait to this ])oiiit is 120 74, and that of the foresights is 81 13 
What IS the on or of elosuie on the second bc'nch nuiik 

4 It was lec^uned to asnutain the elevations of two points, A and 11, and a 
lino of levels was nin ti oiii A to 11 The lev^cdling vv'as then continued to an 
Oidiianco beucli iiiaik ol elevation 127 3(h the leadings obtainc'd being as 
shown Obtain tlie leduc ed levels of A and II 


]1 s 

IS 

FS 

It r. 

JlL'iiiaiks 

3 92 




A 

1 46 


7 78 



7 05 

2 36 

3 27 


Ji 

4 81 


0 85 



8 63 


2 97 



7 02 


3 19 





4 28 

127 30 

O R M 


5 Starting from a point A of elevation 303 46, lev'els w^ere taken for a section 
wdiich extended to a point X, the reduced level of which was found to be 322 00 
Chock levels w^ere cairied back along the shortest loiite fiom X to A, the 
readings being given lielow Find tbe eiior of closiiie on the starting point 


B s 

FS 

Ft *m irks 

3 68 


X 

2 43 

10 02 


5 90 

9 17 


8 16 

] 23 


2 39 

4 05 


5 97 

11 12 


2 36 

6 28 



7 51 

A 


6 TJie following staff readings were observed at a road bridge over a railway 
for the purpose of measuring the eleaiance between the rails and the girder 
on the side at wdiieh rail level is the higher The readings marked -|- were 
taken with the staff held inverted on the undciside of the girder Reduce the 
levels, and state the minimum vertical distance between the girder and a rail. 
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B S 

I s 

r s 

B L 

Kemarks 

1 22 



68 40 

OBM 

0 54 

7 92 

11 45 


Kail a 


+ 5 99 



Girder above a 


8 07 



Rail h 


+ 5 94 



Girder abov e b 


7 94 



Rail c 


-f 5 88 



Glider above r 


a 06 



Rail d 


[ 5 83 



Gilder above d 

12 16 


0 32 





2 15 


O B M 68 40 


7 Find the eiioi of reti(iin^ of a level staff if tlie obsei ved leading js 12 00 ft 
and at llie point sighted the staft is (i in ofl tlio veitu al tliioupjh the bottom 
If tlie bubble tube of the level has a sensitiveness of 20 seconds pei 2 inrn 
division, find the eiior in the staft leading at a distance of 300 ft caused by the 
bubble being one division out of cenf.ie 


8 The following level book figures show the leadings observed on the fiist 
few of a senes of pegs 100 ft- apait fioin winch the levels of a sewei are to be 
woiked The reduced level of the invoit of the sewei at A will be 00 50, and 
it will fall with a giadient of 1 in 300 from A Draw uji a list of the depths 
fiom the several pegs to inveit lev’el, giving the mc^asniemeiits to the nearest 

b 


|{ K 

T S 

li’ s 


in'irurks 

5 71 



80 43 

O B M. 

7 16 


2 85 



3 09 

4 21 

1 03 


Tog A 


5 63 



B 


6 07 



G 


4 83 



D 


5 78 



E 

3 51 

5 58 

4 62 


F 

G 


9 A gradient of 1 in 1 20 falling fiom elevation 202 34 was set out by driving 
pegs at 100 ft inteivals with the tojis of the ])egs on the leijuiretl gradient 
After a time it was suspected that some of the pegs had been disturbed, and 
the following obsei vations weie taken in checking their levels Diaw up a 
list of the ('riors of the pegs 


B.H 

5 28 

I s 

J'’ s 

7 93 


2 17 

5 89 


4 25 


2 8 (» 

3 50 

4 49 

5 27 

6 08 
6 01 

2 07 7 78 

2 86 

3 70 

4 55 

I 84 3 64 

5 17 


K fj Liuinarks 

192 40 OBM 


Pog 1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

OlhM 192 40 
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10 A, By and C are successive points of change of gradient on a portion of 
an existing railway, tlie positions and lail levels of these points being 

Distance in chains Eall Level 

A 2,032 00 386 34 

B 2,095 00 439 65 

(; 2,171 00 462 45 

In a regrading sclienie it is proposed to raise rail level at A by 4 50 ft , and 
to improve the existing 1 in 78 gradient from X to 1 in 100 Calculate the 
greatest change of rail level which will be involved and the chainage of the 
point whore the new gradient meets the existing gradient between B and C 
(T C D., 1928 ) 


11 

road 


The following readings were taken along the centre line of a length of 


B S IS F S 


12 32 

12 80 

7 95 


11 67 

5 80 

0 68 

5 0() 

2 90 

2 15 

3 05 

3 30 

1 55 

12 35 


0 42 

9 77 

4 20 

1 05 

3 15 

8 19 


1 40 
3 45 


E L Distance In feet 

252 10 0 

100 
200 
300 
400 
500 
600 
700 
800 
900 
1,000 
1,100 
1,200 
1,300 
1,400 
1,500 


It is proposed to impiove this portion of load by legradmg it to a 1 in 30 
gradient passing thiough the existing surface at 1,100 ft on the soction 
Calculate tlie greatest ditteii'iice ot level bet eon the now and existing surfaces 
which will occur in excavation and m embankment 


12 Two pegs, A and 13, aie driven into the ground about 300 ft apart A 
dumpy level is set up near A and levelled, and obser\ations aio taken upon a 
stall lield on A and then on 13, giving the readings 

on A, 5 18 , on B, 5 53. 

The level is then placed near B, and sights of the same lengths as before are 
taken with the staff held on the same points The readings are now 

on A, 5 31 , on 13, 5 26 

State whetlier the instrument is in adjustment or not If the reduced level 
of peg A 18 100 00, what is that of B ’ 
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PLANE TABLE SURVEYING 

Plane tabling is a method of surveying the peculiar feature of 
which is that the field observations and plotting proceed simul- 
taneously. It is admirably adapted for the survey of detail between 
theodolite stations, and is extensively employed for recording 
topography in government and engineering surveys 

The plane table and the various ways in which it is used in sur- 
veying are dealt with in this chapter Special features of plane 
table surveying when applied to the small scale mapping of ex- 
tensive areas are d(\scribed in Vol II, Chap. VI 

THE PLANE TABLE 

The plane table (Fig 202) consists of a drawing board, which 
carries the sheet, and is mounted on a tripod in such a way that the 
board can be (a) levelled, (6) rotated about a vertical axis and 



Fig 202 — Pl\ne Table 


clamped in any position A sight rule, or alidade, which is simply 
a straight-edge carrying a line of sight, is used for sighting objects 
to be located and for recording on the paper the directions in 
which they lie. The parts may be considered under four heads : 

(1) The Board. 

(2) The Tripod and Horizontal Movement. 

(3) The Alidade. 

(4) Accessories. 
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The Board. — The board, ranging in size from about 15 in X 
15 in to 30 in x 24 in , is made of thoroughly seasoned wood, and is 
constructed in such a manner as to counteract the effects of warping 
as much as possible. The upper surface must be plane, and parallel 
to the surface on which the horizontal movement is made 

The Tripod and Movement. — The tripod is generally of the open 
frame type, combining rigidity with lightness, and may be made 
to fold for convenience of transportation 

In the simplest and lightest forms of plane table, levelling of 
the board is effected simjily by manipulation of the tripod legs 
Otherwise a levelling screw head or ball and socket joint is fitted 
Heads differ in detail as regards the manner of permitting horizontal 
movement of the board about a vertical axis of rotation, but the 
fitting must afford plane motion without play, and should be as 
light as IS consistent with rigidity A simple form with levelling 
screws is illustrated in Figs 203 and 204 The board is rotated 




about the axis 7, and can be clamped in any desired position by 
the nut 2 The underside of the board either bears directly upon 
the triangular frame or is fitted with a fiat ring of brass to give a 
smoother motion 

Fig. 205 shows the Gurley ball and socket movement The ball /, 
supporting the board, fits into the socket 2 , which is screwed to 
the head of the tripod The two spherical surfaces are held together 
by the spiral spring 3 acting on the clamp piece 4 . When the board 
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is levelled, it is clamped by the nut 5 , but ean be rotated horizontally 
on the flange of /, and, when oriented, is secured in position by the 
screw 6 



Fic 205 (jIlkley Movement Kjo 2()b — Johnson Movement 


The Johnson inovcmient is illiKstrated in Fig 206 Levelling is 
performed as in the last case, and the table is clamped in the 
horizontal position by the nut 1 On rek^asing the nut 2 , the board 
can be rotated about the now vertical axis, and, when oriented, is 
fixed by tightening the same nut 

Fig. 207 shows the Ignited States Coast and Geodetic Survey 
movement Levelling is performed by means of three foot screws, 
and stability is promoted by sup})orting the table on a wide V- 
shaped annular suiface A elamp and tangeuit screw are fitted 



The Alidade. — In its simplest form, the alidade consists of a 
wooden or brass ruler of length equal to the smaller dimension of 
the board and furnished with a pair of sights (Fig 202) One of 
the vanes is provided with a narrow slit, while the other is open 
and carries a hair or wire It is essential that the plane of the 
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sights should be perpendift»ular to the under surface of the ruler, but 
it is unnecessary that the line of sight should be in the same ver- 
tical plane as, or even parallel to, the fiducial or ruling edge of the 
alidade, provided the horizontal angle between the two lines remains 
constant The sights are commonly placed in the vertical plane of 
the fiducial edge, but they are sometimes mounted midway across 
the breadth of the ruler, and either edge can be used in drawing 
The alidade plate is sometimes constructed as a parallel ruler with 
the straight-edge used in drawing connected by two links to the 
base plate The ruler may be moved out from and parallel to the 
latter, and, in consequence, rays can be drawn through a plotted 
point without the alidade being set exactly against it 

The alidade with plain vanes provides a sufficiently definite line 
of sight for many purposes, but, as ordinarily constructed, it is 
somewhat inconvenient for work in hilly country owing to the 
limited range of inclination possible in the line of sight By stretch- 
ing a thread tightly between the centres of the tops of the vanes, 
highly inclined sights can be taken 

The accuracy and range of sighting are considerably increased 
by the use of the telescopic alidade, and, if the telescope is adapted 
for tacheometry by the provision of stadia hairs and a vertical 
circle or arc, the scope and utility of the plane table are greatly 
enhanced The telescope is usually equal to that of a small theo- 
dolite, and IS mounted on a short horizontal axis on which it can be 



Fig. 208 — TjsLEScoric Alidade 


rotated, in some forms completely, and in others only partially, but 
no lateral motion relatively to the ruler is possible. The details of 
construction of telescopic alidades vary considerably The hori- 
zontal axis may be overhung from one support (Fig. 208), so that 
the telescope can be transited, or the axis may be mounted on two 
short standards at the top of a solid column, which serves as a 
convenient handle. 
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The requirements of the telescopic alidade with respect to the 
levels, the line of sight, and the horizontal axis are similar to those 
of the theodolite 

Accessories. — The remaining features of the instrument are ■ 
(1) a spirit level (if not fitted to the alidade) , (2) a trough compass , 
(3) a plumbing fork , (4) a waterproof cover 

The spirit level need not be very sensitive The table is levelled 
by placing it on the board in two positions at right angles and 
getting the bubble central in both positions A circular level is 
quite suitable 

The trough compass is commonly about (i in long, and is used 
when orienting the table to magnetic meridian and to facilitate 
orienting to any other meridian 

The plumbing fork (Fig 202) is used in large scale work for setting 
the table so that th(‘ point on the jiaxier, re^presenting the instru- 
ment station being occupied, may be brought vertically over the 
mark on the ground When the table is lev^el, the point of the leg 
resting on the board is vertically over the centre of the plumb bob 
The point of the leg is therefore placed at the })lotted station point, 
and the position of the tahl(‘ is adjusted until the ])lumb bob hangs 
over the ground mark Mince the plane table is seldom employed 
for large scale work, the use of a plumbing fork is unnecessary in 
the great majority of jilane table surveys 

The cover is used to protect the drawing from the effects of a 
showt‘r 

Paper. -For other than rough work, the quality of the paper 
should receive attention Paper is very sensitive to changes in the 
humidity of tlie atmosphere, which produce e^xpansion and con- 
traction of diflerent amounts in different directions, and not only 
alter the scale, but distort the map It has been found that if two 
sheets are mounted wuth their grams at right angles and with a 
sheed of muslin between, the effects of a change of atmospheric 
conditions are practically negligible Such double -mounted sheets 
are sold by some dealers If a single -mounted or an unmounted 
sheet IS to be used, it may previously be seasoned for about a week 
by exposing it alternately to a damp and a dry atmosphere, such 
treatment reducing its tendency to distort For work in damp 
climates, sheets of celluloid and of zinc have been used 

Attachment of Paper to Board. — The paper must be held very 
firmly on the board to prevent the possibility of any displacement 
by the friction of the alidade Ordinary drawing pins may work 
loose, and the projecting heads interfere with the placing of the 
alidade The principal devices used are . 

(i) Pasting down the edges of the paper, or having the linen 
sheet, on which the paper is mounted, larger than the board, and 
pasting the margin to the underside of the board. 


r G S 1. 71 
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(2) A wooden frame Ating tightly round the board, the upper 
surface being flush with that of the board when the paper is 
clamped (Eig 202) 

(3) Two rollers carrying the paper, one on either side of, and 
below, the board 

(4) Screw clamps round the sides of the table 

(5) Screw tacks entering hollow brass screws in the board 
When the tacks are screwed in, and hold the pap(*r, their heads 
are flush with, or a little below, its surface 

(6) Spring clips round the sides of the board 

Of these methods, the first is probably the best 

TESTING AND ADJUSTMENT OE THE PLANE 
TABLE 

The Board. (1) The upper surface of the hoard should he a perfect 
plane 

Test — Apply a straight-edge in all directions 

Adjustment — If necessary, reduce high parts by planing or sand- 
papering 

(2) The upper su7face of the hoard should he perpendicular to the 
vertical axis of the instrument 

Test — Plac(i a spirit level on the table, and bring the bubble to 
the centre of its run Wheel the table through 180° Place the 
level at 90° to its previous position, and rejioat If the bubble 
remains central on reversal, the adjustment is correct 

Adjustment — If not, correct half the apparent error by rubbing 
down or packing between the underside of the table and its support 

The Ahdade. — (1) The fiducial edge of the ruler should he a straight 
line 

Test — Draw a fine line along the edge Reverse the ruler, place 
it against the ends of the line, and again draw a line If the two 
lines coincide, the ruler is true, except in the very improbable case 
when one part is convex and the part equidistant from the other 
end has a concavity of exactly the same size and shape 

Adjustment — If the two lines do not coincide, bring the edge 
true by repeated rubbing and testing 

(2) The alidade spvit levels should have their axes parallel to the 
base of the ruler 

Test. — Place the alidade on the table, and bring the bubble of 
either level central by the levelling screws of the table Mark the 
position of the ruler, lift and reverse it through 180°, and replace 
it within the marks If the bubble remains central, the adjust- 
ment IS correct 

Adjustment — If not, eliminate half the error by the level adjusting 
screws and the remainder by the levelling screws, and repeat until 
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the test is satisfied Examine and adjust the second level tube m 
the same way 

If the spirit level is not attached to the alidade, the test by 
reversal is performed in the above manner, but theie may be no 
provision for adjustment 

(3) sights of the plain alidade should he perpendicular to the 
base of the ruler 

Test — Having levelled the table, observe whetluT the sighting 
slit and hair appear parallel to a plumb line suspended in front of 
the instrument Alternatively, test them with a st‘t-square held 
on the board 

Ad justment — It wrong, adjust by filing or packing the base of 
the sights 

The Telescope. — (1) The line of sight should he perpendicular to 
the horizontal ai'is of the telescope 

Proceed as in adjustment 2 of the transit or wyt‘ theodolite', 
according to the manner in which the te'k'seope is mounted (pages 
80 and 03) 

(2) The horizontal axis should he paiallel to the base of the ruler 

Proceed as for adjustment 3 of the transit theodolite (page 88), 

if there is provision for making the adjust nu'iit 

(3) IVie axis of the telescope level should he parallel to the line of 
sight 

Procec'd as in the ‘‘two peg" adjustment of the durnjiy level 
(page 110) 

The Index Frame. — The vertical circle should read zero when the 
hue of sight is horizontal 

Proceed as for adjustment 5 of tht' transit theodolite (jiage tO) 
FIELD WORK 

Advantages and Disadvantages of Plane Tabling. — Advantages, — 

(1) Since the map is plotted in the field, th(*re is no danger of 
omitting necessary measurements 

(2) Tlie correctness of the jilottt'd worlc can be rc'adil}/ \erifi(‘d by 
check observations 

(3) Notes of measurements are seldom required, and the possi- 
bility of mistakes in booking is eliminated 

(4) By virtue of the foregoing, no great slvill is required to pro- 
duce a satisfactory map, and the work may be entrusted to a 
subordinate 

(5) The method is particularly useful and rajiid when detail can 
be sketched in by estimation, as the surveyor has the ground 
before him, and need take only such observations as are strictly 
necessary, while the double work of booking sketches and re- 
producing them on the plan is avoided 

(6) The subsequent office work is confined to finishing up the 
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drawing, lSo that, in ordinary circumstances, plane tabling proves 
one of the most rapid methods of surveying. 

Disadvantages — (1) The advantages of the plane table are most 
evident in open country. It is inferior to the compass in densely 
wooded ground. 

(2) It IS unsuitable for work in a wet climate, and is awkward 
in high wind 

(3) The plotting is trying to the eyes in a bright sun, unless the 
paper is shaded by an umbrella, or tinted paper or tinted eye- 
glasses are used 

(4) The instrument is heavy and cumbersonu^, and the various 
accessories, being loose, may get lost 

(5) The absence of field notes is sometimes inconvenient if 
quantities have to be calculated, or if the survey has to be rc- 
plotted to a different scak^ 

Setting Up the Table. — In setting up the table at a station, three 
requirements have to be met 

(1) The table must be levelled 

(2) The table must be oriented 

(3) The point on the pajict representing the station being occupied 
should be vertically over the point on the ground 

Levelling — The Ic'gs should first be spread to bring the table 
approximately level and tln^ board at a convenient height for 
working — preferably not above the elbow The table is then 
placed over the station to fulfil requirements 2 and 3 approxim- 
ately, and the levelling is completed by means of the levelling screws, 
by tilting the board by hand if the instrument has a ball and socket 
head, or simply by adjusting the legs if there is no levelling head 

Orientation - - The table is said to be oriented when it is so placed, 
with respect to its vertical axis, that all lines on the paper are 
parallel to the corresponding lines on the ground This is obviously 
an essential condition when more than one instrument station has 
to be occupied, as otherwise the board would not be kept parallel 
to itself at the various stations, and the result would be equivalent 
to using a different meridian at eaeh 

The manner of orienting is analogous to that of theodolite sur- 
veying in making use of a backsight Thus, if the table be set over 
a station B, represented on the paper by a point h which has been 
plotted by means of a line ah drawn from a previous station A, 
the orientation will consist in bringing ha on the paper over BA 
on the ground The edge of the alidade is therefore placed along 
ha, and the board is turned in azimuth until the line of sight bisects 
the signal A, when the horizontal movement is clamped 

Orientation may also be effected (independently of a backsight) 
by the employment of the trough compass. At the first station, 
after the table has been levelled and clamped, the compass box is 
placed on the board — preferably outside the limits of plotting — 



PLANE TABLE SURVEYING 


245 


so that the needle floats centrally, and "a fine pencil line is ruled 
against the long side of the box At any subsequent station the 
compass is placed against this line, and the table is oriented by 
turning it until the needle again floats centrally. The accuracy of 
compass orientation is dependent upon the absence of local attrac- 
tion, but is suitable for work in which speed is of greater importance 
than accuracy The compass, however, often proves a valuable 
adjunct in enabling a rapid approximate orientation to be made 
prior to the final adjustment 

Further methods of orienting the table will be considered later 
(page 248) 

Centmng — It has been assumed that h is set vertically over B 
by use of the plumbing fork, so that ha is brought into the same 
vertical plane with BA If h happened to lie in the vertical axis 
of the instrument, its position would be unaffected by the move- 
ment of the board in orienting, but otherwise h will be shifted 
relatively to the mark on the ground Th(' operations of orienting 
and cent('ring are therefore interrelated, and, if circumstances 
require that the plotted station point shall be exactly over the 
ground point, repeated orienting and shifting of the whole table 
are necessary (k)mmonly, however, accurate centering is a needless 
refinement (see page 259) 

Systems of Plane Tabling. —Methods of surveying with the plane 
table may be classed under four distinct heads, viz Radiation, 
Traversing, Interst'ction, and Resc^ction In the figures illustrating 
these, points on the ground are indicated by capital letters, and the 
corresponding points on the sheet by tlie corresponding small 
letters, the size of the board being shown greatly exaggerated 

Radiation. — Select an instrument station, O, from which all 
points to be surveyed are visible (Fig 209) Set up and level the 



Fig 209 
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table, and damp the hoAzontal movement. Select a i)oint o on 
the sheet to re])resent the instrument station, and, with the alidade 
touching o, sight the various points A, B, etc , to be located, drawing 
radial lines towards them Measure distances OA, OB, etc , set 
them off to scale, and join, the points a, b, etc , so obtained 

Note - Tins inetliod is of vor\ limif.eil apjilKation foi inakiiipj a romjilete 
Riiivoy, blit in largo s( alo vvoik is useful, in eoiiibinatioii witk other metliods, 
for Hiir\ eying detail \Mtliiii a tape length fiom a station The method luiH a 
widei Slope if the distances aie obtained t.ichi'onietiii all\ The work can 
lie satistactorilv^ (hocked only by eompaiing distances such as AB with the 
i oi resjionding jilottcd lengths at), etc 

Traversing. — This method is used for laying down th(‘ survey 
lines of a closed or unclosed iraverse, and corresponds to theodolite 
traversing The didail may be located by offsets in the usual 
manner 

Having selected a system of stations A, B, D, E (Pig 210), 
set up oyer one of them, say A, and, having selected a on th(' pajM'r, 


D 



bring it ()V(*r A ( 'lainj) the board, and, with the alidade touching «, 
sight E and B, and draw rays ae and ab Measure and AB, and 
scale off ae and ab Set up at B, with b over B, and orient by laying 
the alidade* along ba, turning the table until the line of sight strikes 
A, and then clanijuiig With the ruler against b, sight G, and draw 
be to scale Proceed in this manner at the other stations, in each 
case orienting by a backsight before taking the forward sight 

Notes — (1) The eiior of closure at e i.s cleteimmecl at 1) in the case tle- 
sci ibeil, mid E need not be occupied. Ar m theodolite .surveying, intoi mediate 
cbcckR should be taken whenever possible Tims, if A is visible from C, the 
work up to C) may be checked there by sighting A with the ruler against c 
and noting if the edge touches a 

(2) If E is not .sighted from A on starting, either on account of its not being 
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marked, or because tlie traverse is unclosed, /• need not be occupied by the 
table, nb simply being drawn in a convenient position on the slieet If tins is 
done for the traverse illustrated, the closing error is found on setting up 
and oiiontmg at E. 

(3) Plane table traversing becomes analogous to compass traversing if 
each OTientation is made entirely by compass This is less a( curate than back 
sight oiientation, esper lally if theio is a possibility of local attraction Since 
compass errors tend to comjionsate, however, the method is useful for a lengthy 
ti averse of shoit courses, and proves lapnl when the table is set up at alternate 
stations only A small and light toini ol table with a tiough compass recessed 
into the board is sometiTncs used tor such w^ork, and is known as a traverse 
plane table. 

Intersection or Triangulation. — This method is largely used for 
mapping detail, but is also available for plotting the positions of 
points to be used as subsequent instrument stations The only 
linear measurement required is that of a base line 

Lay out and measure a base line AB (Fig 211) Plot ah in a 
convenient position on the sheet Set up at A with a over A, and 



orient by laying the alidade along ah and turning the table until 
the line of sight cuts B Clamp, and, with the ruler touching a, 
sight the various points defining the surrounding detail and points 
selected as future instrument stations, drawing a ray from a towards 
each Proceed to B, set up with b over B, and orient by back- 
sighting on A. Through h draw rays towards the points previously 
sighted Each point is located by the intersection of the two rays 
drawn towards it Before leaving B, draw a series of first rays 
towards other points not sighted from A, and then proceed to C, 
orient on A or B, and obtain a new series of intersections 

Notes — ( 1 ) An extended survey should, whenever possible, be based upon 
a system of points whose relative positions liave been obtained by theodolite 
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triangulation or traversing, aitl plotted on the slieet No base line is then 
required, and not only ran such stations be oeciipied by the table, but, on set- 
ting up at other sites, the orientation tan be veiified by referenro to them, 
and accumulation of erroi is avoiderl An mteiset tioii survey uncontrolled bv 
theodolite jioints is termetl a graphic tiiangulat ion, and, it extensive, demands 
constant precaution against the piopagatioii of errni 

(2) In any case, gi eater lefinemont is called foi in plotting jioints to be 
used as plane table stations than in fixing detail No station can be con- 
sidered as satisfat tonly located unless it has Ijeen inteisected fiom three 
others Triangles should be well-conditioned in oidei to Mcld definite intei- 
sections . it is desirable, paiticulaily in giaphio tiiangulatioii, that inter- 
section angles should not be lesh than 4.5 " 

(3) Since the length of the base line influences only tlio scale of plotting, 
it IS evident that a graphic tiiangulatioii can fiioceed without the preliminaiy 
measurement of a base The scale can then be detei mined when tlie survey 
includes two points whose distance apait has been detei mined astionomically, 
trigonometrically, or by diiect measuiemeiit Suth jnoretluie is useful in 
exploiatory and rnconnaissaiice survc‘>s 

Resection. — This method can be used for the location of station 
points only As in the preceding system, one linear measurement 
IS required The siinjilest case is as follows 

Measure a base line AK (Kig 212), and plot ah in a convenient 
position Set up at A with a over A, orient on B, and through a 


D 



draw a ray of indefinite length towards D Set up at D with the 
estimated position of d over D, and orient by backsighting on A 
Place the alidade against &, and sight B The point in which the 
edge of the ruler cuts the line previously drawn from a towards 
D is the required point d From d draw a ray towards C Set 
up at C with the estimated position of c over C, and orient by back- 
sighting on I). Place the alidade against h and sight B, obtaining 
the intersection c Check c by sighting A with the ruler touching a. 
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I^otes — (1) Eirors of uent ering are inevitablf, but, since leeection is usually 
confined to small scale work, the accuracy of the plotting is not a])preciably 
affected thereby 

(2) The characteristu feature of resection is that the observations at any 
station after the first aie directed to plotting the point occupied by the instiu- 
ment, the suiiounding detad then being located by ladiation or intersection. 
The bai k ray method of orienting, as described,' necessitates a ray being drawn 
from a preceding station to tliat being occupied, and therefore involves the 
previous selection of tho instrument station Tins is only a particular case 
of resection. Solutions for cases where no ray has been drawn to tho instru- 
nieiit station are given below 

Of the various eases where resection, or the plotting of the station 
occupied, can be performed, that in which the data consist of 
two visible stations, their plotted positions, and a ray from one 
to the station occupied has just been described In the more usual 
case in which no such ray has been drawn, the data must consist 
of either 

(a) Three visible points and their plotted positions (The Three - 
point Problem ) 

(h) Two visible points and their jilotted positions (The Two- 
point Problem ) 

Of tliese, the former is the more important and useful case. 

The Three-point Problem. - -The problem may be stated Given 
three points A, B, and C, visible from a station P over which the 
table IS set, and a, h, and c, their plotted positions. Required to 
plot p 

If the table were oriented at P, so that ah and he are respectively 
parallel to AB and BC, it would only be necessary to draw rays 
through a and h with the alidade directed towards A and B respect- 
ively. These would intersect at p, the position of which could be 
checked by seeing whether a ray through c towards C also passes 
through p The problem therefore resolves itself into that of 
orienting the table at P, so that Aor, B6, and Cc will pass through 
one point p 

Strength of Fix. — The relative position of A, B, C, and P has 
an important influence on the accuracy with which the position of 
p can be determined 

If P lies anywhere on the circumference of the circumscribing 
circle through A, B, and C, its position is indeterminate, since p 
may he anywhere on one of the segments of the circumference of 
the circle through a, &, and c, and still subtend the correct angles 
APB and BPC with ah and he respectively No matter how faulty 
the orientation is in such a case, the three rays, Aa, B6, and Cc, 
will always meet in a single point For other situations of P 
they will not pass through one point unless the table is oriented, 
but will either form a triangle, called the triangle of error, or two 
of them may be parallel and intersected by the third. In such 
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cases, the accuracy with 'which P is fixed vanes with different 
positions of P relatively to A, R, and 

The fix IS good when 

(a) The middle station B is much nearer than the others 

(^) P is within the triangle AB(J 

(c) One angle is small [beeoming zero when two points are in 
range) and the other is large, provided the points subtending the 
small angle are not too n(‘ar each other 

The fix IS bad when 

(а) Both angles subtended at P are small 

(б) P IS near the circumference of the eireumseribing circle 

Trial and Error Solution.- -It is evident that, unless p is in- 
determinate, its position (‘an be obtained by repeated trial of the 
orientation until the table is so placed that the rays Aa, H6, and Co 
all pass through one ])()int Unnecessary (‘xpenditun^ of time is 
avoided by making a preliminary orientation by compass or by a 
range when the line of two well-defined objects already plotted 



passes through or near P If this is done, the triangh* of error will 
be small, and will be eliminattHl after one or two trials The adjust- 
ment in orientation is, however, facilitated by the application of 
Lehmann’s rules for estimating the position of p from the triangle 
of error (Eig 2111) 

Lehmanns Buies — (1) The point p is always distant from each 
of the three rays An, B6, and Cc in projiortion to the distance of 
A, B, and C from P, and, when looking in the direction of each of 
the distant points, it will be found on the same side, right or left, 
of each of the rays 

Note — It followb fiom this rule that p lies within tho triangle of error only 
when P lies within the triangle ABC 

Although rule (1) suffices for the solution of the problem, two 
subsidiary rules are of assistance 

(2) When P is within the circumscribing circle ABC, p is always 
on the same side of the ray to the most distant point as the inter- 
section of the other two rays 

(3) When P falls within either of the three segments of the cir- 
cumscribing circle ABC, formed by the sides of the triangle ABC, the 
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ray towards the middle point lies between p and the intersection 
of the other two rays ^ 

Having estimated the position of p by applying the rules, the 
table IS oriented by laying the alidade touching p and one of the 
points a, or e, and turning the table to sight the corresponding 
object If the three rays now intersect in one point, the estimate 
has been correct If not, a new position of p must be assumed with 
reference to the new triangle of error, and the orientation is repeated. 


Mechanical Solution. — (1) (>lamp the table, fasten a sheet of 
tracing paper on the board, and on it mark a point p' approximately 
over P 

(2) With the alidade touching p\ sight A, B, and C successively, 
and draw a ray of indefinite length towards each These rays will 
not ])ass through o, h, and r, except in the unlikely event of the 
table being correctly ori(‘nted with coinciding with p 

(!1) Unfasten the tracing paper, and move it over the drawing 
until the three rays simultaneously pass through «, b, and c, and 
then ])rick through the position of p' Tlu* 
point so obtained is the required point p 

(4) Remove the tracing paper, unclamp, and, 
with the ruler along pa, orient the tabh* by 
turning it until the lin(‘ of sight stiikes A 
and (V should now also pass through p Tf, 
owing to careless manipulation or unequal 
stretching of the tracing paper, a small triangk* 
of error is formed, it can be eliininated by the 
trial and error method 



Graphical Solution. — Of the various graphical 
methods which have been proposed, Bessel’s 
solution by the inscrib(*d quadrilateral is the 
simplest, and it only will be described '^Phe 
tabic is set up and levelled at P, and the process 
of orienting it may be divided into three steps 

(1) (Fig 214) With the alidade along ha, 
turn the table until A is sighted, a being 
towards A Clamp, and through h draw a ray 
dbd' towards C 

(2) (Fig 215) Un clamp, and, with the alidade 
along ah, sight B, h being towards B Clamp, 
and through a draw a ray ad towards C, 
meeting the previously drawn ray at d. 

(3) (Fig 21G) Unclamp, and, with the alidade 
along dc, turn the table to sight C, and clamp 
The table is now oriented, and p must he on dc, 
produced if necessary But p must also he on 
Afl and B6 Therefore, with the edge of the 
alidade on a, sight A, and draw ap meeting 
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cd m p , and chock the t)ricntation by testing whether Bb also 
passes through p 

Proof — Assuming that the distance of P from A, B, and C is 
sufficient to render the effect of centering error negligible, then — 

In Fig 214, ahd' ■= APC 

In Fig 215, bad = BPC, 

and bda - abd' — bad =- APB. 

In Fig 216, hpc = BPC, 

bpc = had, and consequently ahdp can be circum- 
scribed by a circle 

bda ^ apb, since both are subtended by chord ab, 
so that apb = APB 

p simultaneously subtends with u, 6, and c the required angles 

APB and BPC 

Notc^i — (1) If d fomch off tlio j)aper, ab anti be may, for the purpohe of 
orienting, lie tlecroasetl propoi tionallv by drawing tlirough them a parallel 
to ac Jf d C'omes very near r, ab and be should he increased Tlie point d 
obtained is used with tlie new' r in efteeting the final oiientation 

(2) fn tlie first two steps, instead of sighting through a and b and drawing 
rays towards C, any tw o of the points may lie used and the rays drawn towards 
the signal eorrosjionding to tlio third, winch la then sighted in the final step. 

The Two-point Problem. — The problem may be stated Given 
two points A and B, visible from a station P over which the table 
IS set, and a and b, their plotted positions Required to plot p 

This problem appears indeterminate unless the orientation is 
effected by compass, and a solution cannot be obtained, without 
the use of the compass, by occupying P alone. Two instrument 
stations are required. The most convenient solution is as follows 
(Fig. 217) 

(1) Select a fourth point C, such that angles PAC and PBC are 
not too small for good intersections at A and B. Set the table at 
C, and orient approximately by estimation or by compass Sight 
A and B, and draw rays through a and b respectively to intersect 
at c'. C is only approximately represented by c', since the orienta- 
tion was only approximate Through c' draw a ray towards P 

(2) Set up at P, and assume a point p' on the last drawn ray to 
represent P by estimating the distance PC. Bring the table to 
the same orientation as at C by placing the alidade along p'c' 
and sighting C. Now, with the alidade against p\ sight A and B, 
and draw rays intersecting c'a and c'b in a' and &' respectively. 

(3) These points have been obtained by ordinary intersection 

from C and P, so that a'b' is parallel to AB But a'b' does not 
coincide with ah because : (1) the orientations at C and P, although 
consistent, are only approximate ; (2) p'c' represents PC by 

estimation only. In other words, a'b'c'p' is similar to ABCP, 
but is of erroneous size, and is wrongly placed on the sheet. The 
error of orientation is the angle between ab and a'b'. 
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(4) To orient the table, it must be t'urned through this angle 
until ah becomes parallel to the presejit direction of a'6' The 
best method is to place the alidade along a^h\ and erect a distant 
pole in that line Transfer the alidade to ah, and turn the table until 
the pole is again sighted, clamp, and the orientation is made 


A?. 



(5) P is now plotted by sighting through Ao and and obtaining 
the intersection p 

Note — If C can be selected in line with A13, the })robleni is simplified, since 
the table can be oiieiited at C by bnn^in^ ab in line with AB Having done 
so, draw a ray towaids P, and, on setting uyj at P, orient by means of this 
ray and a signal left at C 

Application of Resection. — The practical utility of the three- 
point and two-point problems, particularly the former, is greater 
than may appear at first sight These methods of resection have 
the great merit that the topographer is saved the necessity of 
selecting forward stations in advance He has entire liberty to 
set up solely at points favourable to the taking of detail, and is 
dependent only upon the visibility of suitable trigonometrical 
stations and not upon his previous or succeeding plane table fixings 
The advantages of resection are most apparent, and the method 
is greatly used, in the small scale mapping of open country, when 
detail is taken entirely by sketching with reference to the plane 
table stations. 

Field Party. — For small surveys, the surveyor does not require 
more than two men to perform chaining, mark stations, etc. In 
large surveys, the work may be expedited by the surveyor having a 
qualified assistant, who can proceed with the plotting while the 
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chief reconnoitres the fofV\ard ground The number of men re 
quired depends on the nature of the ground as well as the method 
of surveying In tacheoinetrical radiation, it will usually be possible 
to keep two staffmen fully occupied, and more if the points sighted 
are widely spread, as in small scale work in open country. It may 
be necessary to have a man to carry the table between stations, 
hold the umbrella, etc 

Equipment. — The amount of apparatus to be carried depends 
upon the nature and magnitude of the survey A full equipment 
consists of 

Plane table, tripod, and alidade 

ISpirit level, trough compass, plumb-bob, fork, cover, and field 
glass 

Scales, one or two set-squares, pencils, rubber, sand-paper, ink, 
colours, drawing pen, and small notebook 

Portfolio or cylindrical case for sheets 

Poles and flags 

For tacheometry Staff and stadia reduction tables or diagram 

For traversing, etc Chain or band and tape 

For trigonometrical k'velling Curvature and refraction table 

For barometric levelling Aneroid 

Vertical Control. — The widest application of })lane table surveying 
has been in the preparation of contour maps, for which the instru- 
ment IS admirably adapted, principally on account of the great 
advantage that the topographer has the terrain in vie^w while 
representing its form 

Wilh Telescopic Alidade — If a telescopic alidade with vertical 
arc IS available, the necessary elevations may be obtained either 
by tacheometric or trigonometric levelling Tacheometry (Chap 
IX) IS well adapted to close contouring when the sights do not 
exceed 1,000 ft Trigonometrical lev(‘lling is most suitable for 
small scale work involving long sights The methods are dis- 
cussed in Vol II, ('hap V The vertical angle to a located point, 
of which the elevation is requited, is observed, and from the 
known distance the difference of level is computed In deter- 
mining the elevations of points to be used as future instrument 
stations, observations are necessary from at least two stations 
whose elevations have been found with corresponding care, and 
account must be taken of the effects of curvature and refraction 
In the resection method, the elevation of the instrument is deter- 
mined from vertical angles to two or more plotted points of known 
elevation 

With Plain Alidade — Since a plain alidade can be used for 
horizontal control only, elevations must be determined by ordinary 
l(wel, hand level, or one of the various forms of clinometer Direct 
levelling is very much slower than clinometric levelling on account 
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of the large number of points of obseivation required, and itfi 
use IS justified only in the close contouring of small areas 

The Indian clinometer (Fig 218) is specially adapted to plane 
tabling, and is extensively used. The instrument is placed upon the 
board, and, when the table has 
been set level by estimation 
only, the clinometer is hwelled 
by the levelling screw and spirit 
level shown The folding sight 
vanes are 8 in apart The front 
one IS graduated in degn^es and 
natural tangents, and the eye- 
hole of the rear vane is hori- 
zontally ojiposite the zero of 
the scales when the instrument 
IS levelled With the object of 
facilitating the reading of the 
scales, the front vane is some- 
times fitted with a small frame 
carrying a horizontal wire, wdiieh 
is moved along the scales by 
means of a rack and jiinion It 
IS, however, preferable m point 
of accuracy to use a plain front 

vane The level tube is pro- 218 —Indian Clinometer 

vided with adjusting screws, the 

testing and adjustment of the instninient being performed by 
means of recijiiocal observations, as in thc‘ ease of the Abney 
clinometer (page 122) 

The elevation of the station occupied can b(‘ determined by 
observation to a ])oint of known Ic'vel already plotted The sur- 
veyor places the elinometi^r in the direction of the distant point, 
levels it, and, with the eye a few inches from the sighting hole, 
observes the graduation on the tangent scale ojiyiosite the point 
sighted The difference of level is the tangimt tinu's the distance 
as sealed from the map, and to this result will be apjilied the height 
of the line of siglit from the ground under the table It is pre- 
ferable to make the determination from two or more points and 
ado])t the mean result From the now known eh'vation of the 
station occupied, those of surrounding points can be obtained in 
the same manner 

The allowable length of sight diqiends upon the degree of accuracy 
required the Survey of India Handbook limits it to 3 or 4 miles 
The available jireeision does not warrant the ajiplieation of curvature 
and refraction corrections 

Field Methods. — In the execution of a plane table survey, the 
general system and the details of routine to be adopted both for 




256 PLANE AND GEODETIC SURVEYING 

horizontal and vertical cflntrol depend on several factors, such as ■ 
(a) Scale of plotting ; (b), Degree of accuracy required ; (c) Extent 
of survey , {d) Character of ground , (e) Time at disposal 

The following outlines of field methods will serve to suggest the 
routine suitable for any particular case. 

Scales greater than 1/2,500. — Horizontal Control — Traversing, 
Radiation, and Intersection 

Plane table stations in large scale work should be located by 
traversing If the survey is extensive, and a high degree of accuracy 
IS requmid, a controlling theodolite traverse or triangulation may 
be undertaken so that a number of the plane table stations may 
be plotted beforehand The detail is fixed by offsetting and by 
radiation, the distances being taped Points so situated with respect 
to the stations as to yield good intersections may be located by 
intersection As the importance of the detail and the scale decrease, 
tacheometric radiation and pacing may be employed, and the same 
attention need not be paid to the quality of intersection fixes 

Vertical Control — Direct Levelling, Tacheonu^tiy, Indian Clino- 
meter 

If the contour inte^rval is as small as 2 ft , and the contours have 
to be located with sufficient accuracy for earthwork measurements, 
the best results are obtained by locating points on the contours 
by ordinary levelling and surveying them by plane table The 
method of using the telescopic alidade for direct levelling is slow 
and inconvenient owing to the necessity for frequent shifting of 
the table. In ordinary contouring for location surveys, the tacheo- 
metric method is most suitable 

Scales of 1/2,500 to 1/10,000. -Hoiizontal Control — Intersection, 
Resection, and Traversing 

The survey may either be made by plane table througliout, or 
may be based upon a system of points established by theodolite 
triangulation or traversing. The theodolite stations and their 
plotted positions are used in four ways (a) Some or all of them 
are occupied by the plane table , {h) They serve to verify the 
orientation of the table at any station, and are used in locating 
stations by resection , (c) The distances between them serve as 
so many base lines, as required m the intersection system , (rf) From 
their known altitudes the elevations of all other stations are 
determined 

The detail in the larger scales is commonly located by tacheometric 
radiation As the scale decreases, the amount of sketching allowable 
increases, and the controlling points are most expeditiously fixed by 
intersection 

Vertical Control — Tacheometry, Indian Clinometer, Alidade 
Vertical Angles 

Tacheometric levelling may still be employed where good contour 
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delineation is required, particularly in flat country. When the 
distances become too great for tacheonuitric reading, elevations 
of intersected points are obtained by clinometer or by measure- 
ment of vertical angles by the alidade In all eases, points sur- 
veyed should be characteristic points on riclge and valley lines 

Scales of 1/10,000 to 1/50,000. — Horizontal Control — As above. 

The framework is generally fixed by theodolite triangulation 
For plotting plane table stations, resection is now used where 
practicable, in preference to intersection, to avoid the marking of 
stations and much of the reconnoitring necessary in the intersection 
method Where travf^rsing is adopted owing to the presence of 
woods or the flatness of the country, the distances may be obtained 
with sufficient accuracy tacheometrically or by wheel ( Vol II, Chap 
VI ) When long traverse lines are possible, it is an advantage to have 
an alidade adapted for movable hair tacheometry, so that observa- 
tions may be made on conspicuous targets fixed on the staff Points 
taken to guide the sketching of detail are usually intersected, but 
few are required Since , in on the sheet corresponds to from about 
8 to 42 ft on the scales under consideration, much of the detail may 
safely be sketched by estimation 

Vertical Control — Indian Clinometer, Vertical Angles 

Th(' numbt‘r of observations, other than those required to fix the 
elevation of the instrument stations, is reduced as the scale decreases, 
and increasing care is necessary in the selection of the points to be 
located As a guide in the sketching of contours, the topographer 
should estimate the surface slopes 

Scales less than 1/50,000. — Ilonzontal Co — Resection and 
Intersection 

The plane table fixings are almost exclusively made by resection 
from triangulation points Traversing may still be found necessary 
in confined situations, but should be reduced to a minimum. The 
detail IS commonly sketched entirely by estimation, jiarticularly 
on the smaller scales, and the surveyor is constantly called upon 
to decide what features should be shown and what must be omitted 
because of the smallness of the scale 

Vertical Control — Vertical Angles, Aneroid, Indian Clinometer 

On the smaller scales, the elevations of the plane table stations 
only arc determined, and the contours arc sketched entirely by 
estimation The production of a satisfactory map in the least 
time calls for a high order of skill on the part of the topographer, 
who must have a good eye for country. 

Preparation of Field Sheets. — When plane tabling is employed 
for the mapping of detail between control stations, the surveyor 
must plot these on the sheets before proceeding to the field. In 
surveys of moderate extent, the plotting is performed by rectangular 
co-ordinates, as described on page I9I In extensive small scale 

p.G.a. I. — s 
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surveys, however, the ^points are plotted by geographical co- 
ordinates, and it is thenr necessary to construct a graticule of meri- 
dians and parallels (Vol. II, Chap VII), on which the stations are 
plotted in terms of their computed latitudes and longitudes 

The detail surveyor is furnished with a description of the stations, 
and, before commencing to map, he should test the accuracy of their 
plotted positions Having set up over one of them, and oriented by 
sighting another, he will be able, by successively sighting the other 
visible stations, to verify the accuracy of the corresponding plotted 
points. 

Junction ol Sheets. — When detailing between plotted stations, 
no trouble is presented in changing from one field sheet to another, 
since each has its system of points from which fixings are made. 
The graticules on adjacent sheets are, however, plotted to afford a 
marginal overlap by means of which a satisfactory junction can be 
effected between the features on adjoining sheets 

In large scale work, especially if the survey is executed entirely 
by plane table, very little overlap may be required When a new 
sheet IS commenced, the manner of securing continuity with the 
finished one will depend upon the system of observation being 
employed The method of using a long joining line, common to 
both sheets, and pricking through sufficient points on to the new 
sheet will suggest itself in any case 

General Suggestions for Plotting. — (1) Lines must be drawn as 
fine as possible The pencil should be 4H or harder, and the p6int 
should be kept very sharp by frequently touching it up on sand- 
paper A chisel point may be used for drawing rays, but for marking 
points a conical point or a needle pricker is required 

(2 Lines must be drawn close to the edge of the ruler When 
drawing a ray from a point, the pencil should be held upright and 
exactly on the prick mark, and the ruler is laid against the pencil. 
The pencil should then be maintained at a constant inclination 
while drawing the ray 

(3) Unnecessary complication of rays must be avoided in using 
the intersection method The possibility of confusion is lessened 
by adopting the following suggestions : 

(a) Instead of making the first lays from a station point continuous lines, 
draw only a short length of each ray sufficient to contain the point sought 
Draw also a reference mark, or rejoJ/e, which is a short length of the ray at 
the margin of the sheet A brief description of the point written against the 
reference mark serves to identify it In the case of rays likely to be used for 
subsequent orientations, reference marks at opposite margins of the paper 
facilitate accurate setting of the alidade. 

(&) Intersections should be obtained, without actually drawing the second 
rays, by marking the points at which the edge of the ruler cuts the appropriate 
first rays, but reference marks should be made for rays to be used for orienta- 
tion. 

(c) Do not take more sights than are really necessary. In particular, avoid 
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drawing rays to distant objects which can be located with shorter rays from 
other stations 

(d) Erase rays and reference marks, with soft rubber, as soon as they can 
be dispensed with 

(4) The drawing should be kept as clean as possible by paying 
attention to the cleanliness of the underside of the ruler, the plumb- 
ing fork, and the compass, by lifting, rather than sliding, the alidade 
into position, and by keeping the paper free from moisture and 
dust Do not erase lines from damj) paper In small scale work, 
the part of the sheet not being used should be covered with a piece 
of tracing paper Ink in each day’s work the same evening 

Elrrors in Plane Tabling. — It is impossible to state generally the 
degree of precision to be expected of the plotted map, because it 
depends not only upon the character of the survey, the quality of 
the instrument, and the system adopted, but also to a considerable 
extent upon the degree to which accuracy is deliberately sacrificed 
for speed Sources of error may be classified as 

(1) Instrumental Errors 

(2) Errors of Manipulation and Sighting 

(3) Errors of Plotting 

(1) The influence of residual errors of adjustment may be regarded 
as quite negligible 

(2) Errors of manipulation and sighting include : 

(a) N on-honzontality of Board — As in theodolite observations, 
the effect of dislcvelment is most marked when there is a considerable 
difference of level between the points sighted. The discussion of 
the error caused by defective levelling in theodolite work (page 171 ) 
applies here whether the alidade is telescopic or plain In the latter 
case dislevelment causes both vanes to be inclined to the vertical 
If the table is not horizontal in a direction at right angles to the 
alidade, the line of sight is parallel to the fiducial edge only for 
horizontal sights, and makes an increasing angle with the fiducial 
edge the more inclined is the sight 

(b) Error of Centering. — Since the essential requirement of correct 
orientation necessitates repeated trial in accurately centering a 
point not on the vertical axis of the table, the surveyor may fre- 
quently avoid unnecessary expenditure of time in setting up by 
having a proper conception of the extent of error introduced by 
inexact centering. 

In Fig 219, let P represent the instrument station, and p the 
corresponding plotted point The angle APB is erroneously plotted 
as aph, and the angular error (AVB—aph) will depend upon the 
distances PA and PB as well as upon the error of centering 

If the angles PAp and PBp are denoted by a and jS respectively, 

PC PD 

evidently (APB — ap6) = a +18 = 

Assuming 1 ft as the greatest value of PC and PD at all likely 



260 


PLANE AND GEODETIC SURVEYING 


to occur in practice, the*extent of the resulting angular error for 
equal lengths of sights is indicated by the following figures ■ 


Distance in Feet. 

Ani'iilar Error 

10 

ir 29' 

lUO 

r 9' 

500 

14' 

1,000 

7' 

5,000 

n' 


Of more practical consequence is the error in the positions of 
a and h Point a should be at a' to the left of a, where aa' = apx a 
approximately . similarly for h These displacements will not 
affect the accuracy of the plan if they are too small to be plotted, 
and this evidently depends upon the scale 

If A' — the fractional scale, 
and D =^the distance PA in ft , 
then plotted length pa ^l)s ft. 

Actual displacement aa' = J)sa, 

where e ^PC in ft (Fig. 219), 

a' se ft 

If aa' IS not to exceed in , assumed 
as the smallest quantity which can be 
shown, then e must not exceed 1/1,2005. 
Centering must therefore be performed 
with care in large scale work For a 
scale of 10 ft =1 in , the horizontal dis- 
tance pP should be kept under one inch, 
but for scales smaller than about 200 ft. 
= 1 in , it IS sufficient to have the ground 
point within the limits of the board. 
Greater care is desirable in the case of 
very short rays, to obviate serious error 
in direction, particularly if such rays 
are to be used, with the aid of marginal 
reference marks, for orientation 

(c) Defective Sighting — The plain alidade with open sights is 
much inferior to the telescopic alidade in the definition of the line 
of sight. The resulting errors will tend to compensate, and are, in 
general, relatively unimportant. 

(d) Movement of Board between Sights . — This should not occur if 
the clamp has been firmly applied, but it is always advisable to check 
the orientation at the conclusion of the observations from a station. 

(e) Defective Orientation . — The above errors contribute towards 
erroneous orientations and consequent distortion of the survey. 
To limit the propagation of error, the orientation of the table 
should be checked at as many stations as possible by reference 
to a distant prominent object already plotted. 


but 
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(3) Errors of plotting are a common source of inaccuracy, and 
can only be minimised by constant care m drawing and in the use 
of scales, and by using a paper so mounted as to eliminate distortion 
errors as far as possible 


Survey Adjustment. — Traversing — A considerable length of 
traverse may have to be run out from a known point without the 
surveyor having an opportunity of checking his orientation by obser- 
vation on a triangulation point If, in addition, the measurement of 
distance is not very refined, there is every probability of appreciable 
error being generated Most commonly the error is determined, 
not by a return to the starting point, but by making a resection 
fix whenever the opportunity occurs The adjustment of the tra- 
verse between these fixed points is then made by the graphical 
method described on page 188 

Triangulation — Considerable error may likewise be propagated 
in graphic triangulation, but if it is conducted between points of 
known position, the results may be adjusted A rigorous adjust- 
ment IS uncalled for, and the following arbitrary method will 
suffice 

In Fig 220, let Ahc . . . m be the plotted result of a triangulation 
conducted between stations A and M and originating from a base 


line Ah If M is the correct position 
of the terminal point, the error mM 
may be distributed by treating 
AJbdghim as a traverse and adjust- 
ing the points by the previous a 
method The route Acfhlm is 
similarly treated Lines ce and cj 
are not included, since they do not 



■M 


influence the position of m, and e is replotted from the adjusted 
positions of c and / 
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CHAPTER VI 


CONTOUE,^ AND CONTOURING 

Representation of Three Dimensions. — The value of a plan or map, 
whether of large or small scale, is greatly enhanced if the altitudes 
of the surface features are represented as well as their relative 
positions in plan One way in which the conformation of the 
ground may be presented on the plan is by delineation of the surface 
slopes on some conventional system of shading, intended merely to 
convey an impression of relative relief, but without indicating 
actual elevations These systems of representation (Vol II, Chap 
VII) are sometimes used in geographical mapping on small scales, 
but they do not impart sufficiently definite information to be of 
service for engineering ymrposes 

In plans for location or construction work, vertical dimensions 
should be represented at least as accurately and clearly as horizontal 
distances, and this points to two requirements in delineation 

(a) The reduced levels of numerous points in terms of a known 
datum should be shown 

(h) These should be arranged in such a manner that the form of 
the surface can readily be interpreted 

The first requirement may be met by the plotting of spot levels, 
the elevation of each being written over a dot representing the 
position of the point The utility of spot levels is, however, limited, 
as they can convey only a vague idea of the form of the ground 
Both conditions are fulfilled by contour lines, a method of representa- 
tion of great value, as it is equally suitable in fiat as in mountainous 
country, and for large as well as small scale plotting. 

Contour Lines. — A contour line, or contour, may be defined as 
the line in which the surface of the ground is intersected by a level 
surface It follows that every point on a contour has the same 
elevation — that of the assumed intersecting surface If the contour 
lines determined in this way by several equidistant level surfaces 
are imagined to be traced out on the surface of the ground and 
surveyed, the resulting plan will exhibit the contours in their 
proper relative positions, and will portray the character of the 
ground Thus, in Fig 221, a represents a hill which is shown 
intersected by a series of level surfaces at elevations of 100, 150, 
etc., ft above datum. The contours may run as shown on the 
plan h, which serves to depict the shape of the hill. 
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It follows from the definition that the Vater mark of still water 
is a contour line, and the student may at first find it helpful to 
conceive contours as shore lines of a waler surface which can be 
adjusted to any desired level. Regarded in this way, Rig. 2216 
shows the varying outline of 
an island when the level of 
the water stands at 100, 

150, etc , ft In the case of 
a valley or other depression, 
the contours may similarly 
be considered as indicating 
shore lines of a lake. 

The Contour Interval.— 

On the assumption that the 
contours of Fig 2216 arc 
correctly located and plot- 
ted, full information is avail- 
able regarding the surface 
along each, but not about 
the intervening ground 
Considerable irregularities 
may occur between adjacent 
contours, but, having es- 
caped intersection, they are 
not represented on the plan The number of available level 
surfaces is, however, infinite, and the representation of the ground 
can be earned to any degree of refinement by sufficiently increasing 
the number of contours The constant vertical distance between 
the contours in any case is called the Contour Interval The most 
suitable interval to adopt on a survey is a matter to be decided 
at the outset from consideration of the following items 

(а) Time and Expense of Field and Office Work — The smaller the 
interval, the greater is the amount of field work, reduction, and 
plotting required in the preparation of the plan 

(б) The Purpose and Extent of the Survey — Close contouring is 
required in cases where the plan is intended to be utilised for the 
detailed design of works or for the measurement of earthwork 
quantities In general, the area included in such a plan will be 
comparatively small, so that it may be quite practicable to locate 
contours with an interval as small as one foot. In location surveys 
for lines of communication, reservoirs and their drainage areas, 
etc., since a rather large area may be involved, a wider interval 
must be made to suffice. The requirements of geographical mapping 
are met by the use of still greater intervals 

(c) The Nature of the Country — An interval which would be 
sufficient to show the configuration of mountainous country would 
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be quite inadequate to portray the undulations of comparatively 
flat ground The representation by contour lines of a stretch of 
very flat ground is njade possible only by the adoption of a very small 
interval. 

(d) The Scale of the Plan or Map — The interval should, ceteris 
paribus, be in inverse ratio to the scale of the map By using 
a close interval on a small scale map, the detail is obscured, and, 
unless the ground is very flat, the result is confusing 

Values of the contour interval adopted for various purposes are 
as follows 

For building sites 1 or 2 ft 

For reservoirs, landscape^ garcleiiing, and town planning schemes ; 
2 to 5 ft 

For location surveys 5 to 10 ft 

For general topographical work from 10 ft upwards, depending 
upon the scale and the character of the ground , for average country 
a common rule is 

(bntour interval ^ 50 ft - no of inches per mile 

Whatever interval is adopted, it should be constant wdthin the 
limits of a map If the regularity of the intervals is interru])tcd 
by the interpolation of additional contours for the better definition 
of flat ground, th(\se should be distinguished in drawing by dotting 
or otherwise Unless this is done, the gi^neral a])pearance of the map 
is misleading, the closely contoured ground ap])earing stt'cper than 
it really is 

Characteristics of Contours. — By virtue of the fundamental 
property of a contour, that every point on it has the same (devation, 
a contour map with constant interval portrays ('hunents of con- 
figuration in a characteristic manner A knowledge of the more 
important attributes of contours facilitates the interpretation of a 
map, and, in plotting, enables the draughtsman to avoid possible 
misrepresentations false to nature The following items should 
be kept in view in map reading and plotting 

1 Since the rise or fall from a ])oint on one contour to any point 
on the next above or below is the constant contour interval, the 
direction of steepest slope is that of the shortest distance between 
the contours The direction of steepest slope at a point on a contour 
is thendore at right angles to the contour 

2 Steep ground is indicated where the contours run close to- 
gether , flat ground where they are wadely separated Uniform 
distance between contours indicates a uniform slope, and a series of 
straight, parallel, and equally spaced contours represents a plane 
surface 

3 Contour lines of different elevations can unite to form one 
line, only in the case of a vertical cliff 

4 Two contour lines having the same elevation cannot unite 
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and continue as one line, nor can a single contour split into two 
lines This is evident from the conception of contours as water 
marks The single line would indicate *an impossible knife-edge 
ridge or hollow 

5 There arc conceivable circumstances in which two contours 
of the same elevation may touch at a point:, giving them the appear- 
ance of crossing, but this occurs very rarely Contours of different 
elevations can cross each other only in the case of an overhanging 
cliff or a cave penetrating a hillside At the intersections, two or 
more points of different levels on the ground are represented by 
one point in plan 

6 A contour cannot end anywhere, but must ultimately close on 
itself, although not necessarily within the limits of the map This 
property is obvious from the idea of water marks A series of closed 
contours indicates either a hill or a dejiression without an outlet, 
according as their elevations increase or decrease towards the centre 
of the series 

7 The same contour appears on cither side of a ridge or valley, 
for the highest level surface which intersects the ridge and the 
lowest one which intersects the valley do so on both sides It is 
impossibk' for a single higher or lowTr contour to intervene between 
two of equal value 

8 (Wtour lines cross a watershed or ridge line at right angles 
They curve round it with the concave side of the curve towards the 
higher ground 

9 In valleys and ravines, the contour lines run uj) the valley and 
turn at the stream so that the convexity is next the higher ground. 
They are intersected at right angles by the stream If the scale 
allows of both banks being shown, the contours should be stopped 
at the edge of the w^ater unless they have been located across the 
bed of the stream 

METHODS OF (t)NTOURTNG 

Since in the location of contours both vertical and horizontal 
measurements are involved, the field work may be executed in 
various ways according to the instruments used Field methods 
may, however, be divided into two classes — Direct, and Indirect. 

Direct methods comprise those in which the contours to be plotted 
are actually traced out in the field by the location and marking of 
a series of points on each These points are surveyed and plotted, 
and the appropriate contours are drawn through them 

Indirect methods are those in which the points located as regards 
position and elevation are not necessarily situated on the contours 
to be shown, but serve, on being plotted, as a basis for the interpola- 
tion of the required contours This system is used in all kinds of 
survey, and proves less laborious than the first 

In both methods, but particularly in the case of the latter, the 
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accuracy of the resulting fnap will greatly depend upon the number 
and disposition of the selected points The careful location of 
numerous points may be* out of the question owing to the time 
required in the field, and for some purposes sufficient accuracy is 
attained by interpolating between widely spaced points. In such 
work, horizontal positions may be determined by intersection, and 
elevations by barometric or trigonometric levelling, but this class of 
field work belongs more properly to the subject of topographical 
and geographical surveying, and is dealt with in Vol II, Chaps V 
and VI The field methods to be considered here are those directed 
to the production of a map suitable for location or construction work 
Variation in procedure will depend upon which of the following 
instruments are used 

Vertical Control Dumpy or Wye Level, Hand Level or Clino- 
meter 

Horizontal Control Chain and Tape, Theodolite or Tacheometer, 
Compass, Plane Table 

Combined Control Tacheometer, Plane Table with Tacheometric 
Alidade or Clinometer 

Direct Methods. — Direct contouring is necessarily very slow, and 
on this account it is comparatively seldom adopted on large surveys 
It has the merit of superior accuracy, and is suitable for the close 
contouring of small areas where considerable precision is required. 
The field work consists of two steps (1) the location of points on 
the contours ; (2) the survey of those points These operations 
may be conducted nearly simultaneously if performed by two 
parties, one levelling and the other surveying, but in dealing with a 
small area the pegging out of the contours may be completed 
before their survey is commenced 

Although the field routine is largely dependent upon the instru- 
ments employed, two principles of general applicability are to be 
observed 

1. The degree of accuracy required in the location of contours 
should depend upon the scale to which they are to be plotted, and, 
for a given scale, upon the use to which the plan is to be put. 

2. Since the contours are to be drawn through the plotted points, 
only such points should be located that the contours are nearly 
straight between them. At places of sharp curvature more locations 
are necessary than elsewhere Salient points on ridge and valley 
lines are of special importance, and should never be omitted 

Direct Vertical Control. — 1. By Level and Staff — Having levelled 
from the nearest bench mark to the site of the survey, set the 
instrument to command as much ground as possible From the 
known instrument height deduce the readings to be observed when 
the staff is held on the various contours within range of the level. 
Taking one contour at a time, direct the staff man up or down hill 
until the required reading is sighted. On receiving the signal to 
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mark, the staflfman should insert a lath hr twig split to receive a 
piece of paper on which is noted the redijced level of the contour. 
Having located one contour over the length visible from the instru- 
ment, proceed in the same manner for the 
others with the new staff reading, until a 
fresh instrument station is required. 

Fig. 222 shows a possible arrangement of 
the points fixed from one set-up, the arrows 
showing the route followed by the staff man. 

If the instrument height were 86-37, the 
staff readings would be 1-4, 6-4, and 11-4 in locating points on the 
85, 80, and 75 contours respectively. It is unnecessary to read to 
two places of decimals 

Notes — (1) It IS aclvisabUi tliat the levelling from the B M to the first 
rontrol station should be checked before contouiing is comineii(‘ed A tem- 
porary B M should therefore be established on the site of the survey, and 
checked first of all If, howevei, there are one or more Ordnance B M ’s on or 
near the ground, this stop is unnecessarv 

(2) In walking forward, tho staffman should try to avoid going up or down 
hill It IS an atlvantage to have the assistance of an experienced staffman, 
who, when remote fiom the instrument, can be relied upon to select suitable 
points, but the surveyor should nevertheless be on the lookout for possible 
omissions at salient points A special signal should be used to indicate that 
the staffman has to begin on a different contour 

(3) Fixing adjacent points on several contours occasions loss of time and 
confusion with tlie marking tags , the method of working along each contour, 
as described, is much pii^forable 

2 By Hand Level hand level may be of any type, an 

Abney clinometer clamped to zero proving suitable, and the instru- 
ment may be used in conjunction with a levelling staff or simply 
a ranging pole marked off in feet By levelling from a B M , first 
locate a point on one of the contours, preferably one having an eleva- 
tion about the mean of those to be traced This contour is to be 
pegged out first in order to provide points of known elevation from 
which the remaining contours can be located To trace the contour, 
stand on the initial point, and direct the staffman until the point 
on the staff or pole corresponding to the height of the instrument 
above the ground is in the line of sight The level should be held 
against a pole, so that the reading is a whole number, say 5 ft. 
Locate as many points on the contour as can be conveniently 
sighted from the instrument station, and then move forward to the 
last point marked 

When a sufficient length has been set out to form the basis of 
the day’s work, the fixing of points on the contours on either side 
can be commenced I^et it be assumed that the contour interval 
is 2 ft , and that the instrument is held 5 ft above the ground. 
Send the staffman uphill until a reading of (5—2) =3 ft is obtained, 
and fix a few suitable points with that reading The next series 
gives a reading of 1 ft., but to locate the higher contours the surveyor 
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Fig. 222. 
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must take up a position «ovcr one of these points and start anew. 
In setting stakes on the downhill side of the reference contour, the 
readings from it will he 9, etc , ft If a sufficiently long rod is 
not available, the staffman can hold his pole on the reference 
contour, while the surveyor places himself approximately on the 
lower contour and shifts a'bout until he sights 3 ft as before Having 
in this manner located portions of the several contours with respect 
to the initial point, the other points on the reference contour are 
utilised in the same manner 

Notes — f 1) Greater accuracy attained if the ])ielimmarv woik of levelling 
from the R M and .setting out the lofcnonco contour ik pei formed by dumpy 
level A reference contoui may be dihjien.sed with by establi.shing a numbei of 
temporary B M ’.s ovei the aiea by mean.s of oidinaiy le\elhng 

(2) If the contour intci\al ex( eed.s the heiglit of the instiUTTient above 
the ground, the ( ontoui above the refoience contoui cannot he hu aied diu'ctly 
fiom it, but the levelling mu.st be cairied up from the ic'feiencc points m a 
senes of stages 

Direct Horizontal Control. — The survey of the positions of the 
stakes defining the contours is a somewhat tedious operation The 
system to be adopted must be decided upon from consideration of 
the size and shape of the area involved and of the accuracy required 
For small areas, chain surveying may prove suitable, but in general 
it IS necessary to execute a traverse, either by theodolite, compass, 
or plane tabk' If contouring is confined to a narrow strip of ground, 
a single traverse can be run approximately along the centre line, and 
offsets taken to the stakes on either side Some of these offsets 
may be longer than is generally desirable, but this is not a serious 
objection, and one or two JOO ft tapes should be carried When 
the width IS too great for effective control by a single traverse, a 
network must be laid out 

The survey should be conducted as soon as possible after the 
location to avoid possible errors due to displacement of the stakes 
If only one surveyor is in the field, he should therefore locate and 
survey on alternate days, or employ the forenoons for locating and 
the afternoons for surveying A considerable saving of time may 
be effected by the use of the taeheometer, which, although best 
adapted for indirect contouring, can be utilised in the direct system 
for horizontal control only As soon as the staffman has been 
placed on a contour by the leveller, an observation is taken for the 
bearing and distance of the staff from the taeheometer set over a 
traverse station In this way the need for marking located points 
IS eliminated 

However the points are surveyed, a note must be taken of the 
contours on which they are situated, this information being obtained 
by reading the tag on the stake when offsetting, or from the leveller 
in the above tacheom(*tric system When the points are plotted, 
the contours are drawn through them as curved lines, due attention 
being paid that the fundamental characteristics of contours arc 
nowhere violated. 



CONTOURS AND CONTOURING 


269 


Indirect Methods. — In these methods, the points to be completely 
located may be either (1) situated along a senes of straight lines 
set out over the area, or (2) scattered representative points In 
(1), the straight lines simply constitute lines of sections, and in 
general no cognisance is taken of the ground between these sections. 
In (2), more particular attention can be paid to the salient features 
upon which the topography depends. 

(la) By Cross Sections — Suitably spaced sections are projected 
from traverse lines, the observations being made in the usual 
manner by level, clinometer, or theodolite The sections should 
be spaced more closely than usual at places where the contours 
curve abruptly, as on spurs and in ravines, and in the latter case it 
is expedient to run a section approximately along the line of the 
stream, taking its direction by compass The configuration may in 
places suggest the running of a number of sections radiating from a 
point 

The sections need not be plotted if an ordinary level has been 
used, so that the reduced lev(‘Ls of the various points are known 
To draw the contours, the 
points levelled are first 
marked olf along the section 
lines, and the elevation of 
each point is written against 
it On the assumption of 
uniform slope between adja- 
cent points, the contours are 
then interpolated by estima- 
tion as shown in Fig 223 

If the sections are plotted, the interpolation may be performed 
more quickly and mechanically by the following method, which 
must be used when the sectioning is performed by clinometer 
Rule on a sheet of tracing paper a series of equidistant parallel 
straight lines, the distance between which represents the contour 
interval to the scale of the sections Place this sheet over a section 
in such a position relatively to its datum or its ground line that the 

ruled lines coincide with the intersecting 
planes defining the required contours. 
In Fig 224, the lines on the tracing 
paper are shown dotted, the interval 
between them being 5 ft. The tracing 
has been placed so that one of the 
lines coincides with the datum line of 
the section, and, reckoning upwards, 
it will be observed that the ground 
surface is intersected by lines of elevations 65, 70, 75, and 80. The 
distances from the centre line to those intersections on right and 
left are transferred to the section line on the plan, and the contours 
are then drawn as in the direct method. 
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Notes. — (1) If the base linfts of the cross sections have not been drawn, it 
IS necessary to subdivide a portion of the vertical centre line on the tracing 
paper into feet. The tracing paper can then be placed with the horizontal 
lines in their proper position relatively to the centre line level marked on the 
cross section 

(2) The transfer of the right and left distances from the section to the plan 
is expeditiously performed i^ the work is shaied by two men, one using the 
sections and calling out the distances and elevations of the various contours, 
the other plotting the points on the plan and drawing tlie contours through 
them 

The cross section method of contouring does not fall far short of 
the direct method in point of accuracy, provided always that 
additional sections are run where called for, and that the ground is 
fairly uniform in slope between the points located It has the merit 
that the sections can be employed in connection with estimates and 
construction 

(Ife) By Squares — If the area to be contoured is not very ex- 
tensive, it may be divided up into a senes of squares, the corners 

of which define the points to be levelled 
Bounding lines at right angles to each 
other are set out to enclose the area, 
and ranging poles are placed at regular 
intervals along them II the ground is 
not too rough, the pegging out of each 
separate square may be obviated by pro- 
viding sufficient poles (as in Fig 225) to 
enable the staffraan to place himself at 
each point To prevent misunderstanding, 
every fifth line may be flagged, and, for 
referencing, one set of lines should be lettered and the other 
numbered If the site is one where it is proposed to carry out 
earthwork, the enclosing lines 
should be permanently pegged 
for convenience in running 
levels for progress measure- 
ments 

The interpolation is similar 
to that of the previous case, 
and is exhibited in Fig 226 
It is to be observed that the 
assumption of uniform slope 
between the located points is 
not so justifiable here as in the 
cross section method, but the 
smaller the squares the more 
valid will be this hypothesis. 

The sizes employed range from 10 ft to 100 ft. side, small squares 
being used for close contouring or on rough ground. In ground of 
varying character, the squares need not be of the same dimensions 
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throughout, but can be reduced on rugged parts, or, alternatively, 
a few additional observations on pointfj within the squares can 
be located on the diagonals or by other measurements from the 
corners 

(2) By Re'presentative Points — If representative points only are 
observed, the number required for contour location is considerably 
reduced, but the facility of horizontal control possessed by the 
previous two methods does not obtain Notwithstanding, this 
system is the most popular, particularly on large surveys, because 
of its suitability for tacheometncal methods, which, since they are 
designed to furnish both horizontal and vertical control, are specially 
adapted for contouring This branch of surveying is described in 
Chapter IX 

Contour Drawing. — The contour lines, having been drawn in 
pencil, are inked in, either in black or brown, the latter being 
preferred as being less likely to lead to confusion where roads, 
buildings, etc , appear on the plan A drawing pen gives a better 
line than a writing pen, and French curves should be used as much 
as possible The elevations of the contours must be written against 
them in a uniform manner, either on the higher side or in a gap 
left in the line The figures should be normal to the contours, and 
should he cither in a straight line or along a curve intersecting the 
contours at right angles Several rows of figures are required on a 
large sheet In small scale mapping it is sufficient to figure every 
fifth contour, which should be distinguished by a bolder line, but 
the values of intermediate contours must be shown where there is 
a possibility of misinterpretation. 

Interpolation of Contours. — When contours have been directly 
located with a rather wide interval, it is a common practice to draw 
intermediate contours by interpolation These should be dis- 
tinguished by dotted lines It is usually amply sufficient to inter- 
polate by estimation On the supposition of uniform slopes, inter- 
polation between plotted contours, or between given points, can 
also be performed : 

(1) By calculation of the intermediate positions. This method is 
unwarrantably tedious 

(2) Mechanically. 

(a) By superimposing a piece of 

tracing paper on which are ruled 
a number of equally spaced radiat- 
ing lines (Fig. 227), and moving 
it about until an imaginary line as 
nearly as possible normal to both 
contours, or the line between the 
points, is suitably divided by the 
rays. The points of division are 
then pricked through. Fio. 227. 
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(h) By marking off a nVmber of small equal divisions on a flat 
rubber band, which can thyen be placed on the drawing and stretched 
so that the appropriate number of divisions is intercepted between 
the given contours or points The intermediate points are then 
ticked off 

Contour Gradients. — A line lying throughout on the surface of the 
ground, and preserving a constant inclination to the horizontal, 
is called a contour gradient The path of such a line can be traced 
in the field or on a map (page 274), if its inclination is known, and it 
is specified to pass through a given jioint 

In the field, the location is most quickly performed by means of a 
clinometer, theodolite, or gradienter (page 303) The instrument 
IS first set up at the given point, and th(" line of sight is laid at the 
given inclination A man, carrying a level staff, or simply a 
graduated ranging pole, proceeds in the estimated direction of the 
contour gradient to a greater or l(\ss distance from the instrument, 
according as the ground is of uniform slope or undulating He holds 
up the rod, and is directed by the instrument man to move up or 
down hill until the rod reading equals the height of the instrument 
above the ground The line from the instrument station to the point 
on which the rod is held is then parallel to the line of sight, and forms 
a part of the required contour gradient The point so obtained is 
pegged, and is used as the instrument station for the location of the 
next point in the same manner 

Alternatively, a level may be used, and in this case the instrument 
need not necessarily be set up over the contour gradient Since the 
line of sight is horizontal, it is necessary to measure out from the 
starting point, or from the last point pegged, the distance, say 
100 ft , to the point to be fixed The required staff reading is com- 
puted from this distance, the gradient, and the elevation of the in- 
strument. Thus, if a down gradient of I in 75 is being traced, and 
the line of sight is at 4-2 ft above a peg on it, the reading on a staff 
100 ft. from that peg should be 5 5 ft llie staff man, holding the end 
of a 100-ft. tape or chain stretched from the peg, is moved up or down 
hill until the required reading is observed 

Notes — (1) III tlio clmoinetiic method, the instruinent has to he moved 
forward after each ob.sei vation, unlo.S8 tlie ground surface is jilaiie A hand 
elinometei is tlierefore the most convenient ot tlie mstiumentb available In 
the motliod of levelling, the same instiunient station may be used for the 
pegging of several points 

(2) From any point theie will usually be two or more directions in whieti a 
given giadient may proceed, so that an infinite number of contour gradients 
may be laid out from a given origin There is, however, less difficulty than 
might be supposed in deciding which of the directions should be followed, since 
the gradient required in practical cases is that which is least winding. 

(3) If the gradient as set out has to be surveyed, it is usually sufficient to 
take compass bearings from peg to peg and note the distances Otherwise, 
offsets may be taken to the pegs from a traverse with longer courses. 
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The tracing of contour gradients is a coniinon field operation in 
the location of road and railway routes When the locating engineer 
has to find th(' best route for, say, a road over a range of hills, it is 
generally iinyiossihle to adhere, even roughly, to the straight line 
route between the controlling points on either side because of the 
st(‘epness of the ground By laying off a contour gradient equal to 
the steeyiest slope which is considered allowable on this part of the 
road- the limiting or ruling gradient —he discovers a route over the 
difficult ground which, if it were followed, would enable the road 
to be constructe‘d without exeavation or embankment along its 
centre line 

The contour gradicmt located is generally that ])assing through the 
lowest y)oint on the ridge near the straight line route, and it is best 
set out from the ridge down both sides of the hill It affords a most 
useful guide to the location of the road, but its adoy)tion as tin* actual 
centre line would r(\sult in a v(uy tortuous route exeiqit where the 
ground is of uniform slope In crossing a gorge, for examyile, the 
contour gradient runs up the gorge, and crosses the stream in a 
manner similar to a contour lin(‘ The road, wdien constructed, will 
necessarily bc' carried across the gorge* at a point downstream from 
the contour gradient, as it must be above the stream The engineer, 
instead of locating the true contour gradient at such a yfiace, there- 
fore examines the ground for the most suitable site for the road 
crossing, and projects tlu* contour gradient across in tin* air It is 
lik(‘wise unnecessary for him to trace tin* true gradient round small 
hollows and ridges, at which it would havi* a shary) curvature At 
every yilace, how(*ver, when* the finally adojited route for the road 
deviates from the contoui gradient of the same value as the road 
gradient, eaithwork will Ik* required on the* c(‘ntre lim* Deviations 
downhill necessitate embankments, while those to the uphill side 
involve excavations 

USES OF CONTOUR PLANS AND MAPS 

1, Drawing of Sections. A section along any lim*, straight or 
curved, on the may) can be drawn by marking off on a datum line the 
distances along the line ol section at which the various contours 
are intersected The resyiective contour elevations are then set 
up as ordinates from these yioints Thus, in Eig 221, « is the section 
AB of the hill represented in the jilan b. 

2. Determination of Intervisibility. — Whether two points of 
given position and elevation are intervisible or not can be ascer- 
tained from the mayi without having recourse to drawing the 
section betw eeii them . Let it be required to test the points A and 
B (Fig 228) in this respect Join AB From its length and the 
known levels of A and B, determine by calculation, or other 
method of interpolation, the position of the points on it which 
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have the same elevation as the contours These arc marked with 
sloping figures. Determine by insjx^ction whether these points 
are above or below the ground Examining the 
point of 90 ft. elevation on AB, it is seen to fall 
on the Ipwer side of the 90 contour, and therefore 
IS above ground, since a vertical line through it 
would cut the ground at an elevation of less 
than 90 ft. Similarly, the points at 80 and 50 ft 
are clear, but those at 70 and 60 are below the 
surface, and in consequence A and B are not 
mutually visible and 1), the points at which 
AB and the surface are estimated to have the 
same levels, about 72 and 57 respectively, show 
the limits ()1 the obstruction The determin- 
ation of intervisibility, of importance in military 
work, is sometimes of service to the surveyor 
The above method of solution does not apply to 
very long sights on account of the efTeets of curva- 
ture and refraction 

3. Tracing of Contour Gradients. — The method of locating on a 
map the route of a given contour gradient tluough a given point 
is illustrated in Fig 229 in which it is required to trace the upward 
course from the point A of a contour gradient of 1 in 30 It will be 
sufficient to locate the points at which the gradient intersects the 
given contours, and, since the contour interval is 10 ft , the hori- 
zontal distance between the successive required points must be 


AA95 





300 ft. With centre A on the 50 contour, describe an arc of this 
radius to cut the 60 contour at B, and, with centre B, describe a 
similar arc to cut the next contour, and so on. Join these points 
with a curve This line represents the path of the contour gradient 
with sufficient accuracy for most practical purposes notwithstanding 
that the lengths intercepted between adjacent contours are not now 
300 ft. precisely. The actual line would be more tortuous than is 
shown. 
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Note . — Each of the arcs described in Fig 229 will cut its appropriate contour 
at two points, so that the contour gradient drawn is only one of those w'hich 
can be marked out from A. Tlie others which could be shown within the 
limits of the diagram have a zigzag course 

4. Measurement of Drainage Areas. — For water supply and irri- 
gation purposes the extent of these can be estimated by measure- 
ment of the area contained within the watershed line separating 
the basin from those adjoining. This line is to be traced on the 
map 111 such position that the ground slopivs down on either side of 
it, ? e it Ik^s along ridges, as at A (Fig 230), and on cols or passes, 
B Care must be observed to ensure that the whole area draining 
into the valley under consideration is included 

5. Intersection of Surfaces. — If two intersecting surfaces are each 
represented in plan by a system of contours, then the points in 
which the contours ot one surface cut those of equal elevation 
belonging to the other are sitiiati^d on tlie line of intersection of the 
two surfaces Such points are common to both surfaces, and 
the line of intersection can be drawn by joining up successive 
points This construction is of practical utility in affording a 
rapid method of determining on a jilan tlie boundary of proposed 
earthwork, which is simply the line in uhich th(‘ (‘arth slopes cut 
the original surface of the ground 

Thus, in Fig 231, hd it be refpiired to draw the plan of an earth 


Top Leuel 73 0 



Seefton of Dam 
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dam, of the given dimensions, to he built across a valley Having 
drawn the top surface in the proposed position, set off the contours 
of the sloping sides for the same elevations as the contours repre- 
senting the original ground The new contours are shown dotted, 
their positions being oljtained from the given side slopes and the 
top level of the dam The line joining the jioints of intersection 
of the equivalent contours of the new and original surfaces shows 
the extent of the earthwork in plan 

In the above ease, since the top of the dam is level, the contour 
lines along the side slopes are parallel to the top edges Fig 2.32 



illustrates the method of finding the limits of an excavation for a 
road which has an upward gradient of 1 in 22 towards the right 
From a known formation level the positions of contours IfiO, 155, 
etc , 110 feet apart, are obtained on the formation surface, and, on 
the assumption that this surface is horizontal transversely, the con- 
tour lines are drawn straight across it Along the side slopes, which 
are to be 1^ horizontal to 1 vertical, the contours will deviate from 
the sides of the formation surface at the rate of 7|- ft in 110 ft. 
The intersection points of the two sets of contours are obtained and 
joined up as before 

A similar application of the principle to earthwork occurs when 
it IS desired to show whei-e excavation and filling respectively will 
be necessitated in grading a piece of ground This problem is 
illustrated in Fig. 255, where the solid lines reiiresent the contours 
of the original ground, and the dotted lines the altered surface The 
line aaa, obtained as above, marks the boundary between cutting 
and filling , the ground within it must be excavated, and that 
outside filled within the limits of the diagram 

In tracing these intersection lines, there may at times be some 
doubt as to the direction of the line between the points located 
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on it In such cases, the interpolation of a few interniediate contours 
on both series will yield additional intersections and fix the line 
more definitely Thus, in Fig 232, two points are obtained on the 
upper intersection line by the interpolation of small parts of the 172 J 
contours 

6. Measurement of Earthwork. — >See page 302 



CHAPTER VII 


MEASUREMENT OF AREAS AND VOLUMES 

In this chapter are given the methods employed for the measure- 
ment of areas and volumes Needless to say, such measurements 
are commonly required in civil engineering practice, and form an 
important branch of office Avork. 

Necessity for System in Calculation. — At the outset it is necessary 
to emphasise the advantage of a methodical arrangement of calcula- 
tions The aim should be to set out the work in such a manner 
that the result of each step can be seen at a glance, and so that 
all the intermediate work can be followed and checked The 
calculations should be performed in books of about foolscap size, 
one being used to show the whole of the figuring, and the other 
to record the results of the various steps and the final quantities 
As in all other operations in connection with surveying, verification 
of the results is necessary before they can be employed for any 
purpose If the checking is peHormed by the person who made 
the original calculations, the most reliable check is afforded by 
working out the result by a different method, when possible If 
the method first adopted is considered preferable to any other, 
care should be taken to ensure that the checking embraces every 
part of the work involved in the first determination In office 
work, verification by another person is preferred, and the checker 
should adopt the same routine, and should work quite independently 
from beginning to end 

Accuracy of Results.- -Arithmetical slips being eliminated, the 
degree of accuracy of the final result will depend upon (a) the 
accuracy of the field work, (6) the accuracy of plotting, when the 
calculations are made from scaled measurements, (c) the method 
of calculation adopted It must be realised that the data employed 
in computation are subject to error and that the accuracy of the 
final result cannot be increased by needless refinement of figuring. 

As there is considerable difficulty in assessing the precision of 
the data, it is not easy to judge the degree of refinement justifiable 
in calculation. One must, to a large extent, estimate the probable 
accuracy of the field and office work, and the final result should 
be expressed with no more significant figures than can be relied 
upon. 
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Note — The beginner is apt to overlook this pcJint, and, in computing areas 
for example, would find it helpful to form a mental picture of the extent of 
ground corresponding to the last significant figifre in his result Keeping in 
view the probable accuracy of the field methods and the total area in any 
case, ho will thus acquire some conception of how to express results consistently 
with the value of the data 

MEASUREMENT OF AREA 

By the area of a piece of ground is meant its area in 'plan The 
British unit of land measurement is the imperial acre, 1 /640th of a 
square mile, subdivided as follows • 

1 acre = 4 roods =160 poles (or perches), 

== 10 sq. chains = 100,000 sq. links, 

= 4,840 sq yards = 43,560 sq. feet. 

Fractional parts of an acre are expressed either in decimals or 
in roods and poles 

I'lie decimal connection between the acre and the square chain 
facilitates reduction when the Gunter chain has been used in the 
field For example, let the area of a piece of ground be calculated 
as 349,400 sq. links. By moving the decimal point five places to 
the left we have at once 3’40400 acres, which, having regard to the 
circumstances of the measurement, might be stated as 3-494 acres. 
To convert the fractional part to roods and poles, we have ■ 

3 494 
4 

1 970 
40 

30 040 

or 3 acres 1 rood 39 poles 

General Methods of Measurement. — Areas may be obtained (a) 
from the plotted plan, (6) by direct use of the field notes. The 
former is the more common and less troublesome method, but the 
latter is susceptible of greater accuracy since errors introduced in 
plotting and scaling are eliminated. 

Measurement from Flan. — The area is found either (a) by dividing 
the plot into geometrical figures or by ordinates and computing 
from their scaled dimensions, or (6) mechanically by planimetcr. 

By Division into Geometrical Figures. — {a) The most convenient 
method is to divide up the survey into triangles, either by pencil 
lines on the plan or on superimposed tracing paper. The base 
length and perpendicular height of each triangle are scaled and 
noted, care being taken not to omit any nor to record the same 
one twice. When one or more of the boundaries of the plot of ground 
consist of irregular curves, these lines are replaced by straight ones 
such that the area contained within them is equal to that of the 
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original figure This equalising ” of the boundaries is easily 
accomplished by the usciof a jiiecc of black thread or a transparent 

set-square, the straights being drawn 
so that, as nearly as can be judged, 
the areas containi'd between them 
and the irregular boundary are 
equally disposed on either side of 
the straight (Fig 2,33) No attempt 
should be made to equalise large 
irregularities, but small triangles 
should be introduced in such cases 
(6) A somewhat similar method 
consists in placing over the drawing 
a piece of tracing jiajier ruled into 
squares, which may convenKuitly be 
an exact fraction of an acre to the scale of th(‘ survey (Fig 234) 
The number of complete squares within th(‘ boundary is counted, 
but there are in addition a number of partial squares next the 
boundary, the areas of which have to be evaluated If a rough 
estimate only is required, and the squares are small, it may be 
sufficient to judge these fractional areas by eye in terms of a whole 




Fig 234 . Fig 235 


square, the resulting errors tending to a certain extent to com- 
pensate A better result is obtained, however, if each partial area 
IS computed from its scaled dimensions, the irregularities being 
equalised where necessary 

(r) A third method is to divide the area into a series of strips 
by equidistant parallel straight lines ruled on tracing paper, the 
constant distance between them being some round number of feet 
or links Midway between each pair of lines there is drawn another 
in a different colour or dotted (Fig 235) The tracing paper is 
placed over the drawing, and is moved about until the area to be 
measured lies between two of the full lines The figure is thus 
divided into strips of constant breadth, and, if it is assumed that 
the strips are either trapezoids or triangles, the area of each is 
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expressed by tlie length of the inid-orcfinate times the breadth 
The lengths of the dotted lines intercepjied within the boundary 
are therefore scaled, and the total sum of their lengths times the 
constant breadth gives the required area The assumption that 
portions of the boundary between adjacent full lines are straight 
causes some of the partial areas to be 'over- and others under- 
estimated, the (‘rrors being eompensating The smaller the con- 
stant breadth of the strips, the more nearly will the correct result 
be approached 


d ^ 


By Ordinates. — (Calculation by ordinates is similar to the last 
method, and is suitable for the ease of a long narrow strip of 
ground, such as that occupied by a 
road or railway A line is described 
axially through the area, and at equal 
distances along it perpendicular or- 
dinate's are drawn, and their lengths 
scaled From these lengths and their 
common distance apart the area can 
be calculated by («) the Trapezoidal 
Rule, (6) Simpson’s Rule 

Trapezoidal Buie —In this method 
it IS assumed that the short lengths 
of the boundary between the ordinates 
arc straight lines, so that the area is 
divided into a series of trapezoids (Fig 236) 

If rZ = the common distance between the ordinates, 



o the lengths of the ordinates , 
then area of first trapezoid = x cZ, 


second 


O2+0 


^Xd, 


last 


- iH-^n 


Xd 


Summing up, we have the total area, 


"^2 


The required area therefore equals the common distance apart 
of the ordinates multiplied by Uie sum of half the first and last 
ordinates plus all the others 

Caution must be exercised in the case where there is an apex 
at one or both ends of the figure, as shown dotted, resulting in Oj 
or being zero These must not be omitted from the formula, 
a not uncommon mistake being to disregard them and to treat Og 
and Oyi . 1 as the first and last ordinates. 
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Simyson^s Buie — This* rule assumes that the short lengths of 
boundary between the (jrdinates are parabolic arcs. With the 
previous notation, we have (Fig 236) 


Area of first two divisions = 




2 


X2d, 


= -(Ol+402-ho.,), 


since they are equivalent to the trapezoid ABEF, obtained by 
joining AE and BF, and the parabolic segments ACE and BDF. 


Area of next two divisions = 



X“-l-3 




X2r/, 



and so on to tJie last two divisions, the area of which is given by 




Summing up, we have the total area, 



0i+ 402 ] 20j-h404 




Note — It IS not nocossaiv'’ tJiat tlie c*ui\e.s should be eonrave towards the 
axis, as 111 Fig 23() ]f, in tho case of the fiist tvv'o divisions, Og is less than 

Oj + Oo 
2 ' 

the area of the first iwo divisions — x 2d— - 

2 3L\ 

_ d 

— 3 (oi4-4o2 + Og), as before 

This method necessitates an even number of divisions of the 
area, % e the total number of ordinates must be odd If the order 
of the multipliers, 1, 4, 2, 4, . . 2, 4, 1, is memorised, confusion will 
be avoided The remarks about the case where one or both of the 
end ordinates are zero again apply 

Simpson’s rule is likely to prove more accurate than the trape- 
zoidal formula, but their relative accuracy depends upon the 
shape of the figure For the calculation of the area within a regular 
curve, Simpson’s rule is correct not only in the case oiy = a -\-hx-\-cx^j 
but also for y= a -\-cx^ -\-dx^. In dealing with irregularly shaped 
figures, the degree of precision of cither method can be increased 
by increasing the number of ordinates. Several other rules have 
been formulated, but the above two are sufficient for practical 
purposes. 




By Planimeter. — The planimeter is a mechanical integrator used 
for the measurement of plotted areas. The various forms which 
have been devised possess the common feature that a point of the 
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instrument is guided round the boundary of the area, and the 
resulting displacement of another part of the mechanism is such as 
to enable the area to be recorded The Aost commonly used form 
is Amsler’s polar planimeter, and it only will be considered 


Principle of the Planimeter. — The principle of the instrument 
may be followed from consideration of the area swept out by a 
moving line In Fig 237, lot a straight lino of length 
I, the ends of which move in given loci, be given 
a small displacement from AB to A'B' The motion is 
equivalent to a normal translation to A"B' and a 
rotation about B' through dd To the first order of 
infinitesimals, the area swept out is 


dA = Idm 

where dm the distance between the parallels AB 
and A"B^ 

= the normal displacement of B 



B B 

Fro 237. 


L(^t A describe a closed curve, B being constrained to move along 
a line and retii ruing to its initial positirm tlu'reon when A completes a 
circuit With the convention that areas swept out to the right are 
positive and to the left negative, the net area A swept out by AB 
during a circuit by A is the area lound which A has travelled, and 
A - IJdm+ll'^Ide, 

= Im^ . . ( 1 ) 


since fd9 = 0 when AB returns to its initial position 

If B also describes a closed figure of area 7?, outside or partially 
outside that traced by A, then, since the line returns to its original 

A-S-lm (2) 

If B describes a closed curve of area B completely inside that 
traced by A, then . 

' A—B=lm+iP27T, (3) 


since AB then makes a complete revolution, so that Jd 6 = 27 T 
The foregoing principle can be applied to the measurement of the 
area A round which A travels, if the area of the locus of B is known, 
and if m, the total normal displacement of B, can be determined. 
It may be more convenient to obtain the total normal displacement 
n of any other point W on AB If W is distant a from B, and 
if dn represents a small normal displacement of W, then 

dn = dm-\-add, 


a being taken as positive if W is between B and A or on BA pro- 
duced beyond A, and negative if W is on AB produced beyond B 
The results (1), (2), and (3) above now become ■ 


A=-ln, (4) 

A-B^ln, (5) 

A-B^ln-\-{\l^-la)2T: (6) 
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Amsler’s Polar PlanimeV>er. — This instrument (Fig 238) consists 
of two bars AB and BC hipged at B The first carries at A a tracing 
point, which is guided round the boundary of the area to be 
measured C is a stationary point or ])ole, the bar BC terminating at 
C with a needle point, which is fixed in the paper and lield down by a 
weight B IS therefore constrained to move along the circumference 
of a circle of radius C-B while the tracing point travels round the 
area under measurement 

The normal displacement is measured at W by means of a wheel, 
the plane of which is perpendicular to AB As AB moves, the wheel 
partly rotates, and partly slides, over the paper The amount of 
rotation measures the total normal displacement the axial com- 
ponent of the motion causes slip, and does not affect the record 



C Needle Point 3 Height 7 Shiv Motion Screw 


W Hheel 4 Dial 8 Index 

Ftg 238 — Amsler's Polar Planimeter 

The wheel is geared to a dial 4, which shows the number of 
revolutions made by the wheel, ten revolutions of the wheel corre- 
sponding to one of the dial The wheel carries a graduated drum 
divided into 100 parts, which are subdivided to tenths by a vernier 
In the instrument illustrated, the distance between A and B is 
adjustable, and, on setting the appropriate mark on the tracing 
arm opposite the index 8 by means of the clamp and tangent screw, 
readings are obtained in square inches, square centimetres, acres, 
etc 

Use of the Planimeter. — To measure an area, first adjust the 
tracing arm so that the result may be given in the desired units 
Fix the needle point in the paper outside the area and in a position 
which will enable the tracing point to reach all parts of the boundary. 
Mark a point on the boundary from which to start, and place the 
tracing point there. Read the dial and wheel, or, alternatively, 
set these to zero Guide the tracing point in a clocltwise direction 
along the boundary, and, on returning it exactly to the starting- 
point, again read the dial and ’s\heel The final reading less the 
initial reading gives the required area 

In this case, B oscillates along a circular arc, and returns to its 
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initial position without swwping out aAy area, so that, from (4) 

A - hi= />27rpXH, 


where p and r are the radius and number of revolutions respectively 
of the wheel The graduation of the recording dial is, however, 
such that the required area is read directly 

if the area is too large to permit of the tracing point traversing 
the boundary with the pole outside the area, the figure may be 
divided into parts, which are separately measured Alternatively, 
the needle may be fixed inside the boundary The point B then 
describes a complete circle within the area traced by A, and, from (fi) 

A~B - In A la)2Tr, 


Im^Qi.rc/e 


the positive sign being used sine(‘ a is negative 

Denoting the length ot the radius arm C'B by h, then, since 
B = 7r62, A ^ hi \ (il^ \ la^\lA)27T, 

Iti “]-7r/ 

r being the distance between V and A wluui the 
plane of the wheel jjasses thiough C (Fig 23b) 

If A were to travel round the circumference of 
the circle of radius r, no rotation ot the wheel 
would be caused, and this circle is, in conse- 
quence, called the zero circle Its area forms a 
constant to be added to the recorded rtssull when 
the needle is placed within tlie area to be measured 
The values of the constant lor various units and 
scales are engraved on the tracing arm 



A'o^fs (1) Tlio u(cuiu(\ of setting ot tlie tiacing arm toi any particular 
unit may lie \eiihetl di awing a tiial squaie ol known size and rneasuiiiig 
its aiea 

(2) In moving the tiacing point lound tlie aiea uiidei ineasuieinent, it 
should bo guided as fai as pussilile by a straight eiJge oi a French curve 
Small eiiors aiisiiig lioin the tiaiiiig point not being inaintained throughout 
on the boiiiidaiy aie compensating, and are lendeied neghgdile by making 
two or thieo ineasui emeiits and adopting the average result 

(3) Til the ( dse of aieas too large to be measured with one setting of the 
instillment w itli the pole outside, it is geneialh jiieferTcd to make the measure- 
ment in jiarts, as a pieiaution against eiior in the engiaved value of the 
constant The constant can, howe\er, be \eiified once for all by l omparison 
of the lesult so obtained with that given wuth the pole within the area 

(4) The jilan sliould be in a hoiizontul position, not on an iTiilmed drawing 
board The surface of the paper on whirh the wheel rolls must bo smooth, 
but not too highly glazed Satisfactoiy results cannot be expected fiom 
drawings which hav o been folded 


Measurement from Field Notes. -The area is divisible into (a) 
that enclosed by the outside survey lines, (6) the irregular strips 
between those lines and the boundary The method of calculating 
the former depends upon whether the survey has been executed 
by chain only or by traversing The areas of th(‘ strips are positive 
or negative, and, since they are divided up by offsets between 
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which the boundary is sensibly straight, are computed as a series 
of trapezoids 


Area from Chain Survey Notes. — The triangles composing the 
area within the bounding chain lines are calculated from the lengths 
of the three sides by the 'formula, 

A V s (fi~a) (s—b) (s—r), 

where a, h, c are the sides, and s is the semi-perimeter 

In computing the areas of the irregular strips, the mean of each 
successive pair of adjacent offsets is multijilied by the chainage 
between them, and the results are suiniiu^d, areas within the extreme 
survey lines being regarded as negative The field work should be 
arranged to obviate difficulty with the corner 
areas The b(\st way is to take offsets, such 
W as Atr, Aa' (Fig 240) at each corner station 

jW \ from both lines meeting there, with such 

\ additional measurements as will define the 

\ boundary between them Otlu^rwise, the 

.cW strips are taken as beginning wnth the offset 
J from the initial station of eaeJi line, and the 
I ^ line is continued to cut the boundary beyond 

I the end station The sepai ate strips obtained 

a' I ar(‘ shown hatched Small overlaps, shown 
black, occur at corners where the internal 
^ ^ 240 angle exceeds 90'', and a part is omitted at 

D, where the angle is less than 90“^ These 
will not seriously affect the accuracy of the result, and can be 
scaled if necessary. 

Area from Co-ordinates. — The figure contained by the survey 
lines of a closed traverse may be so divided up that its area can be 
computed from the latitudes and departures ot the lines Two 
methods are used 

1 By Latitudes and Longitudes.— meridian passing through 
the most westerly station of the survey is to be termed the reference 
meridian 


The Longitude of any survey line is the perpendicular distance 
of the mid -point of the line from the reference meridian. The 
longitude of either of the lines meeting at the most westerly station 
equals half the departure of those lines A sketch will show that 
the longitude of any other line may be expressed as the algebraic 
sum of the longitude of the preceding line plus half the departure 
of that line plus half its own departure 

Rule . The area within the lines of a dosed traverse survey la the 
algebraic sum of the 'products of the latitude of each line by its longitude 
Since the reference meridian is that of the most westerly station, 
all longitudes are east or positive quantities Latitudes are 
reckoned positive if north, and negative if south, as before. 

To test the truth of the rule, let the survey ABODE (Fig. 241) 
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be considered. Perpendiculars BB', C(7', etc., drawn from each 
station to the reference meridian, form a ij umber of figures, one side 
of each of which is a survey line, 
another side being a portion of 
the reference meridian equal to the 
latitude of that survey line In 
general, these figures arc trapezoids, 
but the trapezoids reduce to triangles 
in the case of the two lines meeting 
on the reference meridian The 
area of each, whether a triangle or 
trapezoid, is given by the latitude 
of the line to which it belongs times 
the longitude L of that line Now, 
if from the sum of the two areas 
CDD'C' and DEE'D', which belong 
to lines having positive latitudes, 
we subtract those pertaining to negative latitudes, ^^z ABB', 
B(U'B', and EAE', the remainder is the required area ABC^DE 

Since the computation of the longitudes involves halving the 
departures, it is more convenient and expeditious to omit this 
step and to w^ork with “ double longitudes ” The double longitude 
of either of the lines meeting at the most westerly station equals 
the de])arture of the line, and that of any other line is the algebraic 
sum of the double longitude of the preceding line plus the departure 
of that line plus its own deyiarture The algebraic sum of the 
products of the latitude of each line by its double longitude is then 
twice the required area 

Before proceeding to the determination of the aiea, the co- 
ordinates must be balanced The calculation is best set out by add- 
ing columns to the table of co-ordinates, as in the following numerical 
example of the survey of Fig 241 It is desirable, although not 
essential, that the first line tabulated should be that starting from 
the most westerly station, and rearrangement of the table may be 
required to effect this. 



Line 

Latitude 

111 Links 

DenartuTL 

111 liinks 

Doiibk* 

1 ongitude 

i 

lidtitudo UuubleLuneitudc 

i + 

A13 

-298 

4 169 

169 


50,362 

13C 

-151 

i 362 

700 


105,700 

OU 

-l-63() 

H-383 

1,445 

1 910,350 

1 

DK 

^-301 

- 560 

1,268 

1 381,668 


EA 

-482 

-354 

354 

1 

1,292,018 

170,628 

326,690 


320,690 


Algebraic sum == twice area — 965,328 sq. Imks 
Area = 482,664 sq. links, 
= 4-827 acres. 



288 


PLANE AND DEODETIC SURVEYING 


In this example the positive products happen to exceed the nega- 
tive products, but it is immaterial whether the algebraic sum is 
positive or negative The final division by two is apt to be over- 
looked, but the seriousness of this error contributes to its detection. 

2 By Departures and Total Latitudes — The total latitudes ot the 
various stations, as used in plotting the survey, may be employed 
for the calculation of the area according to the following 

Rule The area inthiyi the lines of a closed traverse survey is the 
algebraic sum of the products of the total latitude of each station by half 
the algebraic sum of the departures of the two lines meeting at the 
station 

Any station may be adopted as the reference point from which to 
calculate the total latitudes of the others In the siiiv(\y ABIDE 
(F'lg 242), A IS used for this purpose, and the total latitudes of the 


E 



stations are shown as the lengths of the ]3cr])endiculars drojrped 
from them on the east and west line through A The traverse is 
thus divided into triangles and trapezoids, and its area may be 
expressed as 


c/i^i C?2(^1+^2) I ^4) 

'2 2 "2 


-i* ADFi)', 


but, joining C'D, 

AC'C'E - ADED' = AG'CD - ADC/D', 

3/ 2 ^ i 


2 2 


Area - | ^3 )_|_ ^4(^ J f 

2 2 2 2 2 

_ 3 ) \ ^3~l~^4) I ^4(^4~l~^5) 

~ 2 ' 2 ~ ' 2 '' 2 


On changing the signs throughout, it will be seen that, with the 
usual conventions as to signs, the above rule is verified, l^d.^ being 
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the only positive product, since Zg, being^north, and dg, east, are 
both positive. ^ 

As before, the division by two may be left till the finish if the 
tabulated products arc the total latitude of each station by the 
algebraic sum of the departures of the lines meeting there 
Working out the same numerical example as before, we have 


Line 

Latlbudc 

In Links 

1 

1 Departure 

1 111 Links 

StaiKin 

Total 

Labltuile 

1 

Sum of V 

Adjoining; | 
Dejiartiires j ^ 

loduets 

AB 

-298 






BC 

-151 

' 1 3(,a 

B 

-298 

i 531 

158,238 

CD 

1 03U 

1 1-383 

C 

-449 ' 

-L745 ' 

334,505 

]1E 

30 1 

i — 500 

1) 

f 181 

- 177 

32,037 

1]A 

-482 

-354 

K 

-h482 

- 914 , 

440,548 


Algebraic .sum — twice aiea - 9(15,328 .sq ImkH 
Aiea - 482,064 ,sq links, 

= 4 827 acres 

Since total latitudes are utilised for jilotting the survey, this 
method involves less extra work than the first A satisfactory 
check IS afforded by making the calculations by both methods. 

Note — The area of the polvi^on i.s obtaiiialile mdofienclently of the co- 
ordinates by dividing it into triangles and u.sing the foiinula, 

A --- \ ah sin (\ 

wheie a and h aic adjacent sides, and f ' is tlic angle they include In the ca.se 
of figures of moie tJian lour sides, this method necessitates solution of the 
interior tiiangles, and proNes vciy tediou.s 


MEASUREMENT OF VOLUME 

The reference made at the beginning of the chapter to the sources 
of error affecting the accuracy of calculated quantities applies with 
special force to the measurement of volume The calculations are 
based upon the results of levelling, and the fitdd work is subject to 
the usual errors of observation, but an additional and more impor- 
tant source of inaccuracy consists in the deliberate omission to 
record many of the surface irregularities Although it would in 
general be a mere waste of tune to measure all the minor undula- 
tions, the value of the held work is greatly increased by so setting 
out the lines of levels that the most faithful record of the surface 
features may be secured 

The methods of calculation based on the field measurements are 
not of a precise nature, but involve assumptions as to the geometrical 
form of the solid which may still further impair the accuracy of 
the result. It is, however, desirable that the degree of refinement 
to which both field work and calculations are carried should mutually 
correspond. 


P.G.S. I. — u 
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General Methods o£ Measurement. — The methods of calculation 
may be classed accordi,ng as the form of the solid is defined by 
{a) cross sections, (h) spot levels, (c) contour lines 

Because of its general application, the measurement of earth- 
work IS more particularly referred to below The unit employed 
for such quantities is the cubic yard When the methods are 
directed to the estimation of the capacity of a reservoir, the results 
are expressed in millions of gallons. 

Measurement from Cross Sections 

In this universally applicable method, the total volume is divided 
into a series of solids by the planes of cross sections The spacing of 
the sections should depend upon the character of the ground and 
the accuracy required in the measurement They are generally 
run at 66 or 100 ft centres, but sections should also be taken at 
points of change from excavation to embankment, if these are 
known, and at places where a marked change of slope occurs either 
longitudinally or transversely 

Except when the calculations are made directly from the field 
notes, the sections are plotted, without vertical exaggeration , and, 
in the case of earthwork measurement, the new surface is represented 

on each, its level being ob- 
tained from the profile. On 
drawing the side slopes, the 
sectional form of the earth 
to be handled is represented 
on each section, and, con- 
sidering two adjacent cross 
sections, these areas form 
the plane ends of a solid of length L equal to the distance between 
the sections (Fig 243) The cubic content of each of these solids 
is to be determined separately, the addition of those in cutting 
giving the total volume of excavation, and similarly for banking 

In water supply work, measurement of the cubic capacity of a 
proposed reservoir has to be made for various water levels to deter- 
mine the surface level and area of the reservoir when impounding 
a given volume In this case, therefore, water levels are drawn 
across the sections, and the volume up to any of them is computed 
in the same way as for earthwork 

Formulee for Cross Sections. — In the case of the comparatively 
short cross sections defining the dimensions of the earthwork in 
road or railway construction, the form of the original ground surface 
may be determined by only a few field observations In the process 
of setting slope pegs (page 355), the particulars obtained are the side 
widths and side heights, as defined below, the depth of the earth- 
work on the centre line, with or without that at other points. In 
cross sections observed by clinometer, the usual data available are 
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the centre depth of earthwork and the slope of the original ground 
on either side of the centre line 

Formulae for the dimensions of cross sections of cuttings and 
embankments for the simplest cases are given below, and should be 
verified by the student as exercises 

Let 6= the constant formation, or ‘‘sub-grade,” breadth, 
s horizontal to 1 vertical = the side slopes, 
n horizontal to J vertical = the transverse slope of the 
original ground, 

c = the depth of earthwork on the centre line, 
d and d^ = the side widths, or “half ” breadths, i e the horizontal 
distances from the centre line to the intersections of 
the side slopes with the original surface, 

D = 

h and = the side heights, i e the vertical distances from forma- 
tion level to the intersections of the side slopes with 
the original surface, 

and respectively, 

S 8 

w = the formation width of excavation in side-hill sections, 
A = the sectional area 

Level Section (Fig 244) 

rf- - 
^ 2 

A = r( 


Vm 244 

Two -Lei el Sect 1071 (Fig 245). 

rf- c+- 
2s 

, b~ 

5 45 * 

= sMi+-(/i+/ii), 

the formulsB given for the areas of three-level sections also being 
available. 





Fio. 245. 
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Three-Level Section (Fig 246) 



In this case the expression for d or niay apply to both side 
widths, according as the ground falls or rises from the centre to 
both sides 



Fig 24(1. Ftg 247 


Side-hill Two-Level Section (Fig 247) 

The centre line being in excavation, then for the excavation, 
h , 


2 n—s' 


2 2(w-5)’ 

For the embankment, (h—iv) must be substituted for iv, and 
the first formula for side width becomes 




71S 

J ^—<5 


When the centre line is in embankment, and the 

formulte again apply. ^ 

The Frismoid. — To calculate the volumes of the solids between 
sections, it must be assumed that they have some geometrical form ; 
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and, since they most nearly take the form of prismoids, they are 
considered as such 

The Prifimoid may be defined as a solid having its end faces in 
parallel planes and consisting of any two polygons, not necessarily 
of the same number of sides, the longitudinal faces being piano 
surfaces extending between the end planes 

The longitudinal or side faces can be regarded as generated by 
a straight line extending between the end polygons, and they take 
the form of triangles, parallelograms, or trapezia having their 
vertie(‘S at those of the end figures 

A prismoid can b(* divided up into a series of prisms, wedges, 
and iiyrannds having a common length equal to the perpendicular 
distance between th(‘ parallel end faces The performance of such 
a division may r(‘quir(‘ the temporary addition to the prismoid 
of one or more pyramids of the same length 


Nofc'^ — (1) 'J'lio j)ii,srn lorins tlie .s])efial case of the piismoKl in whicli tho 
end poU ^ons are equal, the side fac es being ])arallel()grains If one of tlie ends 
degi'iieiates to a line, and the oilier is a parallelogram, we liave tho wedge, the 
side faees being luangles and paiallelograms one end is a point, the other 
being any pohgon, the solid becomes a pyramid, and tbe side faces are 
til an glen 


(2) The div ision of a ynismoid into these solids of equal length is sometim(3S 
troublesome* to lollo\\ on a sketch, and it will snllico to notice the simple ease 
of Fig 24 K, ill wliK h ABCD and EFCH arc^ the parallel end faces, a distance 
Jj ayiait Tlie bottom longitudinal 


facci 13(XJ1F ih a lectangle, the 
side faces ABKF and (d)H(t aie^^- 
tiayiezid, \\hilo the upper longi- V 
tudinal faces ADH and AHE aie 
tiiangles 11 draAving -JK on the 
end Icico EFtlH to make JFOK 
A13CdJ, apijsm is formed ^Mth these 
end laces To divide up the scilul 
lying abo\e the jdane ADKJ, lei 
HL bo diawn parallel to K.J to 
meet Fh] yuoduf (*d at L HE is in 
the plane of A14H, and LEH forms 
the base of a pyiamid liaving its 
apex at A Tlie addition of this 
pyramid to tbe oi igmal jirisinoid 
makes the upper face one piano 
surface ADHL, and tho solid having 
for its ends the aiea L.TKH and 



the line Ai) can be split up into a Ftg 248 

wedge of base JKHM, obtained by 

drawing JM parallel to KH, and a pyramid JMLA Each of the constituent 
figures has tho same length L as the prismoid The sum of their volumes, 
less that of the added pyramid, is the volume of tho prismoid, and the 
algebiaic sums of their areas at each end equal the corresponding end areas 
of the prismoid 


The circumstance that the prismoid can be divided up into prisms, 
wedges, and pyramids of the same length affords a simple method of 
deducing a formula for its volume. 
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Let L = the length of the prismoid, perpendicular to the 
paral/el end planes, 
and A 2 = the areas of those ends, 

M = the mid-area, i e the cross sectional area in a plane 
parallel to the end planes and midway between 
them, 

V = the volume of the prismoid, 

Uj, m,v= the corresponding quantities for any prism, wedge, 
or pyramid, being regarded as the basal area 
in the latter two forms 

Then, in the case of a prism, a^ = a 2 = m , 

,, ,, wedge, Ug = ^ (®' andm=^a^, 

,, ,, pyramid, ^ point), and m= 

For each prism, v= La^ — '(6a j) ^ -(a^ f ag + ^m) 

6 6 

„ wedge, v= ^ (Sa,) -^(a,+a 2 ( 4m) 

6 b 

„ pyramid, v= JZ,a, = ^(2fli)= f (nr, -f a2+4m) 

6 6 

The volume of each of the constituent parts of a prismoid can 
thus be expressed in the same terms, and the formula must therefore 
be applicable to any collection of those components With the 
notation applied to the prismoid, we therefore have the Pnsmoidal 
Formula, r 

V=-(A,+A,+m) 

6 

It must be distinctly understood that M is not the average of the 
end areas A ^ and A g, except in the special case where the solid is 
composed of prisms and wedges only 


Newton’s Proof of the Frismoidal Formula. — A more straight- 



c 


forward proof was enunciated by 
Newton 

In Fig 249, let JKLMN represent 
the section midway between the 
end faces ABCD and EFGH and 
parallel to them Take any point 
O in the plane of the mid-section, 
and join 0 to the vertices of both 
end polygons The prismoid is 
thus divided into a number of 
pyramids, each having its apex at 
O, and the bases of these pyramids 
form the end and side faces of the 
prismoid 

Denoting the end areas hy A ^ 
and A 2 , and the length of the 


B 

Fig. 249 . 
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prismoid by L, the volumes of the pyramids based on the end faces 
are, respectively, \LA-^ and 

To express the volume of the pyramids based on the longitudinal 
faces, consider, say, pyramid OABFE, and let the perpendicular 
distance of 0 from JK be h, then 

volume of pyramid OABFE = ^ABFE X h 

= JL X JK X h= ]L X 2AOJK. 

In the same manner, the volume of pyramid OAEH ^]L X 2 ADJN, 
and so on for the others, so that 

total volume of the lateral ])yramids -- \Lx2 area JKIjMN — 

Summing, therefore, ^\e have the volume of the pnsmoid, 

F- ILA, + IL.I2 f -;LM, 

-^(A, +A,+m- 

b 

Comparison of Earth Solid and Prismoid. — The above formula is 
strictly correct for any prismoid, but it is desirable to compare the 
earth solid lying between adjacent cross sections with the prismoid 
as defined 

(o) The ends of the prismoid are in parallel planes 

This requirement is met in the earth solid provided the centre 
line IS straight Since the cross sections are taken at right angles 
to the centre line, an error may b(‘ introduced on curves, owing to 
the non-parallelism of the ends, but this can be allowed for (page 
298) 

(b) The longitudinal faces of the prismoid are planes 

In the earth solid, the new surfaces (the formation surface and 
side slopes) are frequently plane, and in the majority of cases 
where they are not, the departure from a plane is negligible in the 
distance between cross sections The original ground surface does 
not generally fulfil this condition, but will more nearly do so the 
greater the care taken in spacing the cross sections so that no 
marked change in the character of the ground occurs between them 
It may be shown that the prismoidal formula is strictly applicable 
to the case where the longitudinal faces of the solid, instead of 
being plane surfaces, are hyperbolic paraboloids The original 
ground surface may closely resemble these ruled surfaces if it 
exhibits gradual changes of transverse slope between cross sections 

Calculation by Prismoidal Formula. — Although the solid to be 
measured may differ considerably from a prismoid, the prismoidal 
formula is generally accepted as correct for earthwork calculation 
It is, however, seldom used in a direct manner for ordinary measure- 
ments because of the difficulty 111 estimating the mid-areas These 
could, of course, be obtained by running mid-scctions, but at the 
cost of doubling the field work Their values can be calculated 
comparatively simply when the sections are defined by two or three 
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levels by taking the linear dimensions of the mid-area as the mean 
of the corresponding dimf^nsions of the end areas, but with irregular 
sections the calculations are unwarrantably tedious 

If the cross sections are at equal intervals, the difficulty may be 
overcome by treating every alternate sectional area as a mid-area 

Thus, \i L= the distance between the sections, 

.4 1 , ^ 2 ^ their areas, 

2L 

the volume of the first prismoid of length 2L^ — (^4 i f A 3 + 4/1 2 ), 

6 

„ second , ^(.- 1 , |- ^ 5 + 4 . 14 ), 

() 

last ,, , (A^ 2 ~\ 

() 

Summing up, we have the total volume, 

V “ 1 I 4A2+2A 3+4^14 I 2 A,j 2 “h 4 'Ayi i+A^i , 

which IS Simpson's rule for volumes, an odd number of sections 
being required for its application 

The solids ot length 2L may, however, differ very considerably 
from true prismoids, and this method does not yield so good results 
as individual treatment of the solids between adjacent cross sections 

The Method of End Areas. — The difficulty of apjilying the jiris- 
moidal formula to solids of which the mid -area has not been directly 
measuied is avoided in pra(;tice by the use of the end areas rule, 
which states that the volume of a prismoid is given by 

This formula, although very convenient, is correct only if the 
mid-area is the mean of the end areas A 4 and A g, ^ e if the prismoid 
IS composed of prisms and wedges only Since the mid-area of a 
pyramid is half the average area of the ends, the volume of the 
general prismoid is overestimated by the formula, but, since the 
earth solid is not in general exactly represented by a prismoid, the 
method of end areas may be accepted as sufficiently accurate for 
most practical purposes, and is that almost exclusively used 

The error made in estimating the volume of a jirismoid by this 
method may be readily ascertained for the simple cases dealt 
with on pages 291 and 292 For the case in which the ground lines 
of the sections are level (Fig 244), the investigation is as follows 

Let L=the distance between adjacent sections, 
b=ihc constant formation breadth, 
s hor to 1 vert == the side slopes, 

c, c'=the centre heights of the sections, 

A, A '= their areas. 
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by end areas, F— A 


he 


,sr^ 


Now the mid-arca centre height = 


sc'] 


2 



c' 


M 


(e+e') 


F=^ 

6 




■He f cQ 

2 


, SO that, by prismoidal formula, 


iSf c t 

c(b 1 5r)+r'(?;+.sc') ] 2(c+r')(6H -') 


hr he ,st/ 2 ,srr' 

T^'T+T+T^T 


On siibtractin«[, 

n 3 ^ 

Volume by end areas -Volume by prismoidal formula - -/-(c— c')^. 

() 

This (piantity is always ])osilive for l(‘vel sections, and its form 
shows that a somewhat serious overestimation may result by 
averaging end areas in cases where adjacent sections differ con- 
siderably in area, as, for example, towards the ends of exeavations 
or embankments 


Prismoidal Correction. — Tf in special cases it is required to obtain 
a closer approximation than is given by th(^ above method, the 
precision ot the measurement may be increased without undue 
labour by the application of a correction to the result given by the 
end area method The difference between the volume as calculated 
and tliat which would be obtained by use of the prismoidal formula 
IS termed tlu* l^)iMmoid(il Co^ reciion^ and, if it is known in any case, 
its application to the approximate rc'sult gives the volume as it 
would be obtained from the prismoidal formula with less trouble 
than is involved by the direct use of the latter Since the end area 
method of calculation overestimates the volume of a prismoid, 
the correction for the prismoid is always subtractive, but in the 
case of the actual earth solid the correction, although usually 
subtractive, may fall to be added to the end area result. 

The formula for the correction depends upon the number of 
levels defining the (‘iid areas, and, to deduce it once for all in any 
case, it IS nec(‘ssary to obtain the expression for the mid-area in 
order to formulate the voluim* by the prismoidal method If the 
areas are of simple outline, this is accomplished by averaging 
corresponding linear dimensions, as above Irregular sectional 
forms are treated by substituting for them equal areas of simple 
outline, from the dimensions of which those of a figure corresponding 
to the mid-area are obtained with more or less accuracy. For 
the substitution, level, two-level, or three -level equivalent sections 
arc employed according to the degree of accuracy required : further 
refinement in equalising is of little practical importance. 
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Formulae for the Prismoidal Correction. — With the previous 
notation (page 291), unaccented and accented symbols referring 
to adjacent sections, the following expressions are obtained in the 
above manner, and should be verified by the student 

Level Sections (Fig. 244) 

P 0 = — (c-c'f. 

6 ^ ’ 

Two-Level Sections (Fig 245) 

p(! ^hd-d'){d^-d^) 

bs 

Three-Level Sections (Fig 246) 

yv=^{i) jy){c-c') 


Side-hill Two-Level Sections (Fig 247) 
4^he centre line being in excavation, 

P C for the excavation 


P C for the embankment = — (ii’, 

125 ^ 


w^) {d — d') 



Curvature Correction. — Cross sec- 
tions on curves arc run in radial 
lines, and consequently the earth 
solids between them do not have 
parallel end planes In computing 
the volumes of those solids, the 
common practice is to employ the 



Fig 261. 


usual methods, treating the ends as parallel to each other and 
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normal to the chord, and, if circumstances warrant, to apply a 
correction for curvature 

In Fig 250, B, E, and H are successive centre line pegs on a 
curve, and AC, DF, and GJ arc lines of cross sections The solid 
from B to E is represented in plan by ADFC, but the volume 
calculated is that of the solid KMNL, the cross-sectional area 
normal to the chord being for all practical purposes equivalent 
to that normal to the tangent Evidently the calculated volume 
is too small by the volumes represented by CBL and FEN and too 
great by those represented by ABK and DEM When the cross- 
sectional area is symmetrical about the centre line, these wedge- 
shaped masses practically balance, and no curvature correction is 
required The more unsym metrical the sectional area, the greater 
IS the value of the correction, which falls to be applied positively 
or negatively to the calculated volume according as the greater 
half-breadth is on the convex or the concave side of the curve It 
IS usual to compute the amount of correction per station, that for 
station E being (volume NEQ — volume MEP) 

In Fig 251, representing cross section DF, if ED' be drawn 
symmetrically with ED, the asymmetry of the sectional area is 
represented by ED'F, and the volume swept out by this area in 
turning through the angle NEQ also equals the required correction 
for station E With the previous notation, area ED'F is (‘xpressed by 

+ — ^ 'I'he solid swept out by this area, and represented 


in plan by ENQ, is, by Pappus’ theorem, the product of the area by 
the length of the path of its centroid The horizontal distance from 
the vertical through E to the centroid of ED'F is \[d^ and the 


travel of the centroid is where L is the distance between 

3-n 


the stations Otherwise, the solid ENQ may be treated as a trun- 
cated triangular prism The edges normal to the right section EF 

have lengths at E, D', and F of 0, — , and respectively, so that 

R R 


the average length of the prism isy^(c7i+r^) 

O-f I 


By either method the 


required volume, or curvature correction for station E, equals 


672 


(e+l) 


This expression obtains for stations between chords of equal length. 
The correction at a tangent point has half the above value, and that 
at a station between chords of different lengths is determined by 
proportion. The formula, deduced for a three-level section, is 
equally applicable to two-level ground, and may safely be used for 
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irregular sections if the !half breadths employed are those of an 
equivalent three-level section In the case of a two-level side-hill 
section (Fig 247), in which the wudth of excavation or embank- 
ment at formation level is u\ the correction for the excav^ation or 
embankment is similarly found to have the value, 


Lwli 

oTT 


(d I h - w), 


Lu 

oT?. 




Measurement from Spot Levels 

This method of measurement is sometimes applied to large 
excavations The field \vork consists in div^iding up the site of 
the work into a number of equal triangles, squares, or rectangles 
and observing the original surface level at each corner of those 
figures After completion of the earthwork, or during its jiro- 
gress, the lines dividing up the ar(‘a are again set out, and the 
levelling is repeated on the new surface, the differences of level thus 
determined representing the dexiths of earthwork at a number of 
points of known position In estimating the volume of proposed 
earth woik, the levels of the neiv surface are obtained from the 
drawings l^he differences of level are regarded as the lengths of 
the sides of a numb(‘r of vertical truncated jiiisms, i c prisms in 
which the basal planes aie not paralhd, the horizontal area of each 
of which IS known The volume of each prism is obtained as the 
product of the area of the right section by the average length of the 
vertical edges. 

Division of Ground. — Tlie size of the unit an'as into which the 
site should be divided will dcqiend upon the degree of accuracy 
required in the measurement and u]3on the character of the ground. 

The aim should he to have the 
partial areas of such dimensions 
that the assumption that the 
ground surface within each is a 
plane is not greatly in error, and 
it IS therefore desirable to reduce 
their size on irregular ground 
Good results are obtained by 
dividing up the site into a series 
of squares or rectangles and regard- 
ing each as divided by a diagonal 
into two triangles, the diagonal 
which more nearly lies along the 
surface of the ground being selected and noted (Fig 252) The sur- 
face within each rectangular area is then treated as consisting of 
two triangular planes, and the volume is computed from triangular 
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prisms This system involves the same amount of levelling as the 
method of rectangles, but the freedom of choice in each rectangle 
as to the pair of planes which more nearly coincides with the ground 
surface necessarily tends to greater accuracy 

It most frequently happens that the, boundary of the work is 
irregular in plan, in which case there are a number of unequal 
partial areas adjoining it These figures approximate in shape to 
triangles or trapezoids, and may with sufficient accuracy be treated 
as such Their areas are obtained from measurements in the 
field or by scaling from the plan, and, since they are unequal, the 
volume of each prism must be se^iarately computed 


Method of Calculation. — In the calculation of the volume contained 
within the limits of the dividing lines, although each triangular 
prism may be computed sexiarately, the fact that all have the same 
horizontal area suggests a method of reducing the arithmetical 
work It will be seen from Fig 252 that the corner a belongs to 
one triangle only, and the difference of level between the new and 
the original surface at n is therefore einjiloyed only once in the 
calculations That at h is used twice, that at c three times, and 
so on to that at A, which belongs to eight jirisms, eight being the 
maximum number of times a ^larticular height can be employe^d 
If then A — the area of one triangle in square teet, 

h^ = the total sum, in feet, of all heights used once, 

^*^2 jj j’ 5 j twice, etc , 

the total volume, in cubic yards, within the extreme dividing lines 

h 2_-\ -( 5/i5-l-6/?Q T/iry-f 8Ag 

^ 3 I ’ 

to which falls to be added that contained within the surrounding 
irregular strijis 



Note It teit.1111 paits of tlio 
^^it)iijid aie of a niucli loiiglier chai- 
acter than the lest, a few extra le\ els 
may ob.stMved at those places, 
mst(*ad of rediuiiiuf tin* size of the 
triangles tiirougliont The additional 
levels are located hy ineasuromeiit 
of tie lines trorn tlie inter sections 
ot the reference lines 'Die oii^inal 
prisms are thus S[)ht iijr into a mmi- 
ber ot smaller, and generally unequal, 
triangular jnisms of known hoii- 
zontal ar(‘a, the volumes of which 
are coinputocl sepai ately 

The division of a solid into a 
number of truncated prisms, not 
necessarily of constant area, 
affords a convenient method of 
obtaining the volume in cases 
like the following. 



Longitudinol Section 


Fio. 253 
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Example — Calculate the volume of the excavation shown in Fig 253, the 
Bide slopes heing 1 J horizontal to 1 veitical, and the original ground surface 
sloping at 1 in 15 in the direction of the centre line of the excavation 

The solid in question, although bounded by planes, is not a pnsmoid, since 
no two faces are parallel Tlie volume will he calculated as that of the vertical 
truncated prisms appealing in plan as A13(>D, ABFF, JJCGH, ADHE, and 
BCGK, of which the lengths of the veitical edges aie known 

The hoiizontal breadths of the slopes on the left and right aie computed as 
10 9 ft. and 30 ft respectively, so that we have 

Prism ABCD 

Area ^ 150 x 100 - 15,000 sq ft 
Average height ^ J(8-|- 8 -J- 18 + IS) - 13 ft 
Volume - 15,000 X 13- 
Prism ABFE 

Area - 110 Ox 10 9 = 1,209 sq ft 
Average height - ^(0 -f 0 + 8 + 8) = 4 ft 
Volume = 1,209 x 4 

Prism DCGH 

Area - 130 x 30 - 3,900 sq ft 
Average height 1(0 + 0 + 18 f 18) - 9 ft. 

Volume -- 3,900 x 9 

Prisms ADHE and BCGF. 

r 40 9 10 9^ 

Area = 2|^(150 + 40 0) x ~ 

Average height _ l(0 + 0 + 8+ 18) = 6 5 ft. 

Volume = 6,789 x 6 5 44,129 


Total Volume =- 279,065 

-10,336 cub yd. 

Notes — (1) The solid may be divided in other ways, and the reader will 
find it instructive to verify the above lesult by a different treatment 

(2) It frequently happens, especially in embankments, that the side slope 
pianos are not continued to intersections at the coiners, but, as indicated by 
the dotted curve near CJ, the earth slope is rotated about the corner to generate 
a quarter cone there Unless the oiiginal ground surface is horizontal, the 
bases of tJiese partial cones are not noimal to the axis, and the exact calcula- 
tion of their volumes is unwariantably troublesome It is usually sufficient to 
estimate them as one-third the area in plan of the base times the axial height 
at tlie corner 


cub ft 
195,000 

4,836 

35,100 

30n 

-yj 6,789 sq ft. 


Measurement from Contour Lines 

Rough estimates of volume may be made by treatment of the 
contour linos of the solid to be measured In principle, this is no 
doubt the ideal method, and, if a highly accurate contoured plan 
were available with a contour interval sufficiently small that full 
particulars of the irregularities of the solid could be obtained, it 
would lead to a more precise result than the methods previously 
considered Practically, however, this degree of accuracy is not 
realised because of the trouble of locating contours with an interval 
small enough to record the minor features of the ground In 
dealing with contour lines, one must assume that the surface of the 
ground slopes uniformly from one contour to the next, and in most 
cases this assumption will be incorrect, the resulting error depending 
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upon the vertical interval used as well as upon the character of 
the ground To make an estimate of any practical value, the 
contours should not have a greater vertical interval than 5 ft on 
ground of average character, but, if the surface is very irregular, 
an interval as small as 2 ft would be required The method there- 
fore cannot compare with cross sectioning in point of convenience, 
and is not much used in practice except in the determination of the 
capacity of reservoirs or the measurement of subaqueous excava- 
tion, but even in these cases the method of cross sections is often 
preferred. 

First Case. — The problem is a simple one in reservoir work and 
in earthwork when the made surface is level, for the new surface 
IS then parallel to the equidistant level surfaces which define the 
contour lines. 

To consider this case, let it be desired to determine the capacity 
of the reservoir shown in Fig 254 when the water level is 165 0. 
The outline of the water surface is first obtained by interpolating 



the 165 contour. The volume is measured by regarding it as being 
divided up into a number of horizontal slices by the contour planes. 
The depths of these arc known, and their end areas are obtained 
from the plan by any of the usual methods, the most expeditious 
and accurate being by planimeter The area measured in each 
case IS, of course, the whole area lying within a contour line and 
not that of the strip between two adjacent contour lines. 

The nature of the data is precisely the same as in cross section 
work, the contour interval corresponding to the distance between 
cross sections, and the volume may be calculated either by the 
prismoidal formula or by the end area method. In using the pris- 
moidal formula, every second area may be treated as a mid-area, 
or the mid -areas may be measured from contour lines interpolated 
midway between each original pair of contours. The latter method is 
recommended when the slopes are fiat, so that there is a considerable 
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difference between the areas within successive contour lines Eor 
most purposes, however, the method of end areas yields sufficiently 
good results 

In connection with the location, design, and operation of reser- 
voirs, it IS not sufficient to know the storage capacity for one 
particular surface level 'The volumes in the reservoir for various 
water levels, such as the contour elevations, should be determined. 
If these computed volumes are plotted against the corresponding 
surface levels, the resulting curve is available for reading off the 
volume up to any water level or for finding the level corresponding 
to any given volume 

Second Case. — The more general case in earthwork is that in 
which the ground is not brought to a level surface 




Fici. 256. 

In Fig. 255, let the full lines denote the contours of the original 
surface, and the dotted lines those of the proposed new surface. 
By joining up the intersections a of original and new contours of 
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equal value, the line in which the new surface cuts the original is 
obtained within this line excavation is necessary, the surrounding 
parts shown being in embankment. The methods of measurement 
may be considered with reference to the excavation, the same 
methods being applicable to embankments 

First Method — It will be seen from the section (Fig 256) that the 
contour planes divide the solid to be measured into a series of 
horizontal layers The end areas of these can be obtained by 
planirneter from the plan, those for the strip between the 75 and 
80 contours, which is hatched in section, being shown shaded in 
plan It frequently happens that an original contour line closes 
on itself without intersecting the equivalent contour of the new 
surface, as is the case with the 85 contour in the diagram, and the 
area enclosed by it is that to be measured If necessary, a sketch 




section will usually clear away any doubt as to the areas required. 
The required volume is then obtained by applying the method of 
end areas to each layer. 


P G.S. I. — X 
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Second Method. — Inste^dd of dividing the solid by the contour 
surfaces, it may be divided into layers parallel to the new surface 
(Figs 257 and 258) ' 

Just as aaa is the line along w'hich the depth of excavation is 
zero, the depth will be exactly 5 ft along the line hhb got by joining 
up the intersections of the original contours with new ones of 5 ft 
lower elevation The total areas contained within aaa and hhb 
are the horizontal projections of the sloping surfaces which appear 
in section as the lines a'a' and Vb\ and the mean of those two 
areas times the vertical distance between them gives approxi- 
mately the volume of the lowest strip By joining the intersections 
of the original contours with the new ones 10 ft lower, the line 
ccc of 10 ft excavation is obtained, ddd being similarly derived as 
the line along which the cut is 15 ft , and the areas within these 
lines are used in the same manner By inspection of the plan, the 
greatest depth of excavation appears to be about 17 ft , so that 
the highest strip has a vertical depth of 2 ft , the same method 
being applied to it as to the others, since, in this case, it more nearly 
resembles a wedge than a pyramid 

This method usually involves less measurement of areas than the 
first, but has the disadvantage that the areas to be measured have 
to be specially traci'd out, and this may neec'ssitate the inter- 
polation of intermediate contours 

THE MASS DIAGRAM 

In the planning and execution of earthwork certain problems 
arise which are most simply studied by reference to what is termed 
a mass diagram. 

Labour in earthwork may be analysed under four heads (a) 
Loosening , (6) Loading , (c) Hauling , (f/) Depositing For a 
given class of plant, the unit cost of items (a), (&), and (d) depends 
almost entirely upon the character of the matt‘rial, but that of (c) 
is a function both of the weight of the material and of the varying 
distance from the working face of the excavation to the tip end 
Haulage is the most variable item in the cost of earthwork, and, 
in cases where more than one scheme of distribution from excava- 
tion to embankment is possible, it is desirable to be able to compare 
different projects as regards economy of haulage. This may be 
accomplished with ample accuracy by means of the mass or haul 
diagram. 

Definitions. — Haul Distance (d) is the distance at any time from 
the working face of an excavation to the tip end of the embank- 
ment formed from it. 

Average Haul Distance [D) is the distance from the centre of 
gravity of a cutting to that of the tipped material 

Haul is the sum of the products of each load by its haul distance 
= Evd = VD, where V is the total volume of an excavation. 



MEASUREMENT OF AREAS AND VOLUMES 307 


Change of Volume — Since excavating involves the loosening and 
breaking up of the material, the volume available for the formation 
of an embankment is greater than that measured in situ in the 
unworked excavation On a rough average, this increase may be 
estimated at 20 per cent for earth When banked, however, the 
material commences to shrink, and after the lapse of a year or two 
will be found to occupy less space than it did originally in the excava- 
tion The amount of shrinkage depends on several factors, but 
for the present purpose may be taken as 10 per cent for all earths 
On the other hand, excavated rock is permanently swelled by 
about 50 per cent ( Change of volume does not influence ordinary 
measurements, which should always be based upon original volumes 
of excavation 

Construction of the Mass Diagram. — The mass diagram is a 
curve plotted on a distance base, the ordinate at any point of 
which represents the algebraic sum up to that point of the volumes 



Volume 

Cub Yd 


Distance 



Total Volume. 

Ft 



Cub Yd 


Cut \ 

Hank — 


0 

490 


0 

100 

927 


+ 490 

200 

982 


+ 1,417 

300 

279 


4 2,399 

380 


31 

- 1 - 2,078 

400 


226 

+ 2,647 

500 


654 

+ 2,421 

600 


1,160 

+ 1,767 

700 


933 

+ 607 

800 


92 

- 326 

831 

220 


- 418 

900 

428 


- 198 

1000 



+ 230 


of cuttings and banks from the start of the earthwork or from any 
arbitrary point In obtaining the algebraic sum, the usual con- 
vention is to consider cuttings plus and embankments minus. The 
mass diagram is therefore simply an integral or sum curve of the 




308 


PLANE AND GEODETIC SURVEYING 


volumes of the several cuttings and banks. When excavation and 
banking occur on the same section, as in side-hill work, their differ- 
ence only is used in the* summation, the sign being that of the 
greater volume. 

The construction and properties of the diagram are best followed 
from a simple example. 'In Fig 259, let 1 represent a longitudinal 
section of, say, a railway siding The quantities required for plotting 
the mass curve are tabulated on page 307 

In the example it is assumed that the nature of the material is 

unknown, and no allowance is 


7 Longitudinaf Section 



2 Mass Diagram 


Fig 259 


made for change of volume 
In plotting, the curve should 
be placed directly above or 
below the longitudinal sec- 
tion, the same horizontal scale 
being used for each Positive 
total volumes are plotted 
above, and negative quan- 
tities below, the baseline, and 
the ends of the ordinates are 
joined by a smooth curve, 
the resulting diagram being 
as in 2, Fig 259. 


Characteristics of the Mass Diagram. — With the sign convention 
adopted : 

(1) Upward slope of the curve in the direction of the algebraic 
summation indicates excavation Downward slope indicates 
embankment 

(2) A maximum point occurs at the end of an excavation , a 
minimum point, at the end of an embankment 

(3) The vertical distance betwcHui a maximum point and the 
next forward minimum point represents tlie whole volume of an 
embankment , that between a minimum and the next forward 
maximum point, the whole volume of a cutting 

(4) The vertical distance between two points on the curve which 
have no maximum or minimum point between them represents 
the volume of earthwork between their chainages 

(5) Between any two points in which the curve cuts the base 
line the volume of excavation equals that of embankment, since 
the algebraic sum of the quantities between such points is zero. 
The points a and c, for example, show, on being projected to A and C, 
that the earthwork is balanced between A and C, ^.e. the material 
excavated from AB would suffice to form the embankment up to 
the point C. There is also balance from E to C. 

(6) Any horizontal line intersecting the mass curve similarly 
serves to exhibit lengths over which cutting and banking are 
equalised. Thus, gh is a balancing line, the cut from G to 
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B just filling from B to H, the volume' moved being represented 
by hj. ^ 

(7) When the loop of the mass curve cut off by a balancing line 
lies above that line, the excavated material must be hauled forward, 
i e. in the direction of summation of the volumes When the loop 
lies below, the direction of haul is backwaW 

( 8 ) The length of balancing line intercepted by a loop of the 
curve represents the maximum haul distance in that section. 
Thus, taking the base line as the balancing line, the greatest haul 
distance involved in disposing of excavation AB is ac = AC, so that 
no material should be hauled past C In general, the haul distance 
increases from zero at B to this maximum, and its value at any 
stage of the work is given by the length of a horizontal line inter- 
cepted within the looii Thus, gh is the haul distance when the face 
of the excavation is at (I 

(9) The area bounded by a loop of the mass curve and a balancing 
line measures the haul in that section To take the case of area 
abcu, since haul = Evd, consider a small volume or load, v, initially 
situated at G(t', and whose final position in embankment is HH', 
obtained from the horizontals gh and < 7 '// From (4) above, the 
vertical distance between gh and g'h'=v, and therefore area ghh'g' 
= the haul of v The summation of all such small areas = the 
area of the loop - the haul involved in transferring cut AB to bank 
BCJ. Similarly, area ede = the haul from E to C. Regard must be 
paid to the scale If the horizontal scale is 1 in = ft , and the verti- 
cal scale is 1 in - y cub yd , an area of n square inches represents 
a haul of nxy cub yd ft 

(10) The haul over any length is a minimum when the balancing 
line IS so situated that the sum of all areas cut off by it, without 
regard to sign, is a minimum. 

Use of the Mass Diagram. — The exact interpretation of a mass 
diagram is entirely dependent upon the balancing line, each position 
of which exhibits a possible method of distributing the excavated 
material, and the selection of the most economical scheme is made 
by comparing those shown by various balancing lines Par (10) 
above is an important guide, but it most frequently happens that 
the condition of minimum haul necessitates the wasting or spoiling 
of material at one place and borrowing at another, the advisability 
or possibility of which depends upon circumstances. The haul 
involved in proposed wasting and borrowing is difficult of estima- 
tion, but it may be comparatively small if wasting is effected by 
widening an embankment, and borrowing by widening a cutting. 
The limit of profitable haul distance, beyond which it is economical 
to waste and borrow, is, of course, reached when the cost of excavat- 
ing and hauling one cubic yard equals the cost of excavating and 
hauling to waste one cubic yard plus that of excavating and hauling 
one cubic yard from the borrow pit 
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Considering first the pi*fevious example of Fig 259, it will be seen 
that it is impossible to secure balance over the whole length, as 
there is an excess jgf' of excavation Trying the base line as a 
balancing line, there is shown balance from A to E and wasting of 
the material between E and F But the haul (dbc-\-cde), and the 
maximum haul distance,' ac, can evidently be reduced by raising 
the balancing line, so that, if the haul required in wasting be 
assumed constant, the balancing line klf shows a preferable scheme, 
the material from A to K being wasted 
Fig 260 illustrates a second example In this case, excavation 
and embankment are equal over the length shown, and borrowing 
and wasting would be unnecessary provided the excavated material 
were distributed by the method indicated by the base line as the 



balancing line But, on account of the large area below the base 
line, this arrangement involves considerable haul, with a maximum 
haul distance from ? to c of about 1,350 ft , and it may be more 
economical to reduce the haul by wasting and borrowing A 
possible method is that shown by balancing lines opqgr and In, in 
which there is borrowing from A to 0 and spoiling of the same 
volume from R to L The maximum haul distance is reduced to 
that from r to g, or about 880 ft Another possible arrangement is 
given by balancing lines opq, stujv, and In, with a maximum haul 
distance ]u of about 590 ft This scheme necessitates borrowing 
from A to 0 and Q to S and wasting from V to L, and is shown 
in longitudinal section By increasing the amount of borrowing 
and wasting, haul and maximum haul distance may be still further 
reduced In particular, if the haul distance is not to exceed 500 ft., 
the line wx, scaling that length, will be used as a balancing line. 
In selecting the most economical of the various methods of disposal, 
one must be guided by the relationship between the cost of haul 
and that of borrowing and wasting is so far as it can be estimated 
for the particular case 

Allowance for Change of Volume. — In comparing schemes for 
the disposal of proposed excavations, the available information 
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regarding the nature of the material is not usually sufficiently 
reliable to warrant making refined allowances for the change of 
bulk caused by excavating, and the common practice in such 
cases is to neglect these and proceed as above If, however, suffi- 
cient data have been obtained, allowance should be made for the 
fact that rock increases considerably in ’bulk on being excavated. 
Soft earths also swell when loosened, but, chiefly owing to loss of 
material, they ultimately shrink to a smaller volume than they 
occupied in their original position in the excavation. The initial 
swell of earth is largely compensated for by the necessity for making 
embankments higher than they arc intended to be to allow for sub- 
sidence, and the ultimate change of volume is in the direction of 
shrinkage 

Allowance for change of volume is made, before summing the 
volumes, in either of two ways (a) by multiplying each computed 
volume of excavation by a factor which will convert it to the volume 
of embankment ultimately formed from the material ; (b) by multi- 
plying each volume of embankment by a factor to give the volume of 
excavation from which it can be made. If we suppose that, on a 
rough average, 100 cub yd of solid rock will suffice for forming 
150 cub. yd. of embankment, and that 100 cub yd of earth in an 
excavation will ultimately form 90 cub yd of embankment, the 
respective factors would be 1 -5 and -9 in the first method, and -67 
and 1-1 in the second Such average values are usually sufficient, 
since difficulties are encountered in estimating the best allowances 
for change of volume in a particular case. Shrinkage factors for 
soft earth depend upon the material, and are greater for low than for 
high embankments In addition, mixtures of different earths, and 
of earth and rock, may have to be dealt with, and, until the mass 
diagram is prepared and studied, it is not known from which cuttings 
the material for a given embankment will bo derived 

Overhaul. — The terms of contracts for earthwork may stipulate 
either that the price per cubic yard of excavation is inclusive of 
the cost of haul regardless of the haul distance involved or that the 
price includes the cost of haul within a specified distance only 
In the latter case, extra payment is made for the haulage of each 
cubic yard which has to be moved a distance exceeding this specified 
distance, termed the free haul distance The excess of haul dis- 
tance above this amount is called overhaul distance, and the sum of 
the products of volumes by their respective overhaul distances is 
termed overhaul, and is the quantity for which extra payment is 
made. The unit of measurement of overhaul distance is commonly 
100 ft , and that of overhaul is therefore cub yd x 100 ft. 

The mass diagram affords a convenient aid to estimating overhaul. 
In the case of Fig 260, let the scheme with balancing lines opq, 
stujv, and In be that adopted, and let the free haul distance be 
500 ft. Overhaul is required on the section JU. The horizontal 
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line wx of length 500 ft having been drawn on the mass curve and 
projected to w'x' upon the balancing line, the area w'whxx' repre- 
sents free haul The oveWiaul required is given the product of 
the volume between U and W or X and .1 multiplied by the excess 
beyond 500 ft of the shift of its centre of gravity in b(‘ing transferred 
from cutting to bank The positions of the centroids may be com- 
puted or estimated, but, since the total haul on the section JU 
IS represented by the area w//y, and the free haul by w'whxx' , the 
difference, or overhaul, is given by the sum of the two areas uww' 
and x'x'j These may be measured by planimeter, and are expressed 
in terms of cub yds X 100 ft 
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EXAMPLES 

1 A piece of ground has three straight sides, AB, BC, and CD, and the 
fourth, AD, IS iriegular The dimensions m feet aie AB-- 422, BC~ 640, 
CD — 456, AD — 798, and AC - 842 OKsets outwards from AD to the iriegular 
boundary have the values 0, 12, 4, 19, 0 at ehainagcs of 0, 150, 330, 434, and 
798 ft from A Calculate from these figures the aiea within the boundary 
expressing the result in acres, roods, anci poles. 
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2 The cross section of a stream 30 ft wide is neasurod by means of sound- 
ings taken 5 ft apart The depths recorded are 

0, 1 5, 2 0, 3 5, 2 3, 1 {\ 0 

The mean velocity is observ'ed to bo 3 4 ft per second. Compute the 
diHcliarge of the stream 

3 If aieas me moasuicil by planimetcr as squaie inches of map surface, 
what me tlie factois toi coiiveitmg tlie lesults to acres m the case of the 
“ 6-iiich ” and “ 25-mcli ” Oidnamo maps 

4 A suivey was plotted to the 1 -'2,500 scale A roitam aiea on a photo- 
print repioduction was measured bv planimetei, and was found to contain 
9 30 scpiaie inches Tlie punt shows a sliimkago ot 1 per cent both up and 
down and along the sheet Obtain the area moasuied, expressing the result 
m acres, roods, and poles 

5 In taking a cross section of a stream, a leveller first observed the staff 
held upon the lO-ft mark on a gauge post, and obtained a reading of 0 32 ft 
The staff was then held on points 20 ft apart on the cross section, the readings, 
taken to the nearest tenth of a foot, being 

0 3, 4 0, 6 8, 7 4, 9 0, 9 5, 10 2, 10 3, 8 0, 6 4, 4 2, and 0 5 
Obtain tlie aica of flow when the suiface of the water is at 5 tt on the gauge, 
assuming that the bod ot tlie stieam slopes unitormly between the points 
obser ved 

6 Calculate i-lie side widths and c ross-sectional aiea of a railway embank- 
ment with a formation width ot 30 It , sale slopes 1^ to 1, centie height 12 ft , 
and slope of oiigmal giound suiface .it light angles to the centie line of the 
embankment ot 1 in 10 

7 The data of a closed tr averse suivey are as follows ■ 



Latitude 

Departure 

Line 

in links 

in links 

AH 

- 300 

+ 450 

BC 

+ 640 

+ 110 

CD 

1 100 

- 380 

DA 

- 440 

- 180 

Calculate by any method tho area contained withi 

n the survey lines, 

expressing the resii 

lit m acres, roods, and polos (K T C 

, 1913 ) 

8 Tho adjusted 

co-ordinates of a closed traverse are 

Latitude 

Departure 

Line 

in feet 

in feet 

AH 

■526 N 

113 W 

BC 

384 N. 

316 E. 

CD 

227 R 

540 E. 

DE 

613 S 

104 W. 

EF 

364 S 

782 W. 

FA 

294 N. 

143 E. 

C^alculato tho area contained within tho pait ABCDEA of the figure, and 
express tho result m acres, roods, and poles 

9 A corner of a 
which the lengths 

piece of ground is bounded by lines AB, BC, and CD, of 
and bearings are as follows ■ 

Line 

Lenirth in feet 

Beanne 

AB 

563 

251° 42' 

BC 

212 

193° 16' 

CD 

404 

102° 23' 


From a point X on All it is required to lay off a straight line to a point Y on CD, 
such that XY will be parallel to BC, ancl XBCY will have an area of one acre. 
Compute the distances BX and CY. 
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10. A city building site, hi^ving an area of 5,749 sq. yd , is bounded by the 
following lines, of which the co-ordinates, expressed m feet, are 


Line 

Latitude 

Departure 

AB 

-1-244 0 

0 

BC 

- 32 8 

-h 130 6 

CD 

- 17 4 

128 3 

DE 

- 271 5 

- 144 7 

EA 

-f- 77 7 

- 1142 


It IS desired to divide the ground by a straight line into two equal areas, each 
having the same frontage on the Ime AB F being the mid-pomt of AB, 
obtain the position of the dividing line FG by computing where G falls on DE. 

11. A railway embankment is 30 ft wide with side slopes of 1^ to 1 . Assum- 
ing the ground to be level in a direction transvoise to the centre lino, calculate 
by the end area method the volume contained in a length of 6 chains, the 
centre heights at one chain intervals being, in feet, 

2, 4, 41 6, 5i, 4, i. 

12 Calculate the volume of the above embankment by the prismoidal 
method 

13. Two irregular cross sections of a railway cutting 100 ft apart have 
areas of 450 sq ft and 194 sq ft respectively The iormation breadth is 
30 ft , and the side slopes are IJ to 1 By substituting equivalent level top 
sections, compute the mid-aiea and the volume of excavation between them. 

14 A pier 300 ft long is to be built seawards with a top breadth of 40 ft 
and side batters of 1 in 8 The top level is to be 1 4 ft above low water of spring 
tides, and the foundation levels at intervals of 50 ft are 2, 4, 8, 10, 15, 22. 
and 27 ft below the same datum 

Estimate by the use of the prismoidal formula the total volume of material 
required (R T C , 1921 ) 

15 Calculate the value of the prismoidal correction for the first 300 ft of a 
railway cutting of which the formation breadth is 30 ft. and the side slopes are 
1 i horizontal to 1 vertical The original ground surface is level transversely to 
the centre line of the railway, and the centre depths of the earthwork are 
0, 10, 14, and 20 ft at 100 ft. centres (T C D , 1927 ) 

16 The slope of a certain piece of ground (which may be regarded as a 
plane surface) is 1 in 4 On the surface of this ground a line AB, 375 ft. long, 
is laid out at a gradient of 1 in 9 

Find the slope of the ground m a direction at right angles to AB as seen 
in plan. 

If AB be the centre line of the formation for a path 10 ft wide, horizontal 
transversely, and with side slopes of 2 hoiizontal to 1 vertical, calculate 
the volume of the earth to be moved in making the path There is to be 
neither cutting nor filling along the centre line (Univ of Lond , 1916 ) 

17. A road having a formation breadth of 30 ft and side slopes of 1^ to 1 is 
to be constructed on side- lying ground At adjacent sections, 100 ft apart, the 
depths of excavation at the centre line of the road are 2 ft and 1 ft respectively, 
and the original ground surface between the sections has a constant inclination 
of 4 to 1 in the direction at right angles to the centre line Calculate by the 
method of end areas the volume of excavation and the excess volume of excava- 
tion over embankment between the sections. (T C.D , 1931 ) 

18. An embankment of 30 ft formation width with side slopes of 2 to 1 is to 
be formed on a curve of 10 chains radius. If the original ground surface slopes 
at 5 to 1 downwards towards the concave side, calculate the curvature correc- 
tion per 100 ft, station when the centre height of the bank is 8 ft. 
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19. A rectangle ABCD, 100 ft by 80 ft , form^^he plan of part of an excava- 
tion, AD and BC are the longer sides, and E is the point of intersection of the 
diagonals. From the following original surface levels and final excavated 
levels, calculate the volume of excavation within ABCD 


Point 

Original liOvel 

Final Level 

A 

85 30 

76 00 

B 

93 05 

76 00 

C 

92 15 

77 20 

D 

84 70 

77 20 

E 

93 40 

76 60 

20 The areas within the contour lines at the site of a reservoir and along 

the face of the proposed dam are as follows 


Contour 


Area in sq feet. 

500 


7,054,000 

495 


6,427,000 

490 


5,083,000 

485 


4,612,000 

480 


2,958,000 

475 


1,573,000 

470 


836,000 

465 


115,000 

460 


3,000 


Taking 460 as the bottom level of the reservoir, find 

(fl) the volume of water in the reservoir when the surface is at elevation 
600, using the method of end areas 

(6) the volume under the same conditions, as given by the prismoidal 
formula, taking eveiy second area as a mid -area 

(r) the surface level when the reservoir contains 300 million gallons 

1 cub. ft = 6 24 gallons 



CHAPTER VIII 


SETTING OUT WORKS 

This part of the duties of an engineer on location or construction 
involves the placing of pegs or marks to define the lines and levels 
of the work, so that construction may proceed with reference to 
them. Setting out is, in a sense, the reverse of surveying in that 
data are transferred from the drawings to the ground 

In the case of works which may be completely defined by a 
senes of straight lines, setting out is a simjfie operation, and requires 
little explanation (page 31 fi) The greater part of this chapter is 
therefore devoted to a descrijition of the setting out of curves 

Location of Works. —Before proceeding to the detailed design 
of an engineering scheme, the relative merits of different sites must 
be carefully weighed, and the most economical location selected 
For this purpose, in unmapjied countries the territory embracing 
all probable sites must be investigated by surveying In the case 
of large projects, time is saved by making successive surveys of 
increasing refinement, which arc used for the gradual elimination of 
all locations except that finally adopted 

In general, the first survey consists of a rapid examination of a 
wide area with the object of ascertaining which portions of it 
merit further investigation These are surveyed in greater detail, 
their relative advantages are studied, and finally the work is 
located in the best position on one of them The character and 
amount of the field work involved depend upon the nature of the 
proposed public works. In any large scheme a considerable amount 
of detailed investigation is required before the engineer can finally 
decide upon the site which, from considerations of first cost and 
running expenses, will prove the most successful. 

Without entering into a discussion of the engineering factors 
which govern the location, the case of a railway may be taken to 
indicate the field operations undertaken by a locating party 

Bficonnaissaiice Survey. — The first, or reconnaissance, survey is 
extended over the area embracing all likely routes between the 
proposed terminals with the object of ascertaining the belt or 
belts of country which provide practicable routes. The field work 
has, therefore, the character of an exploratory survey, and is con- 
ducted either by rough traversing or by rapid triangulation, as 

31(5 
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described in Vol IT, Chap VI. Traversing by prismatic compass 
IS the most favoured method, and elevations are determined by 
barometric levelling with the aneroid (Vol »II, Chap VI) 

Although performed by rapid methods, the reconnaissance 
survey is important as forming the basis of the subsequent work. 
It IS essential that no important topographical or geological features 
should be overlooked, and the engineer in charge should take full 
notes of all factors likely to influence the location A reconnaissance 
survey on the above lines is not required if topographical maps of 
the country are available, but, even so, it is usually desirable to 
supplement the information they afford by a rapid examination 
on the ground. 

If no maps are available, the results of the survey are used to 
prepare a rough maji showing the main topographical features 
which influence the location The possible routes are sketched down 
with due regard to the elevations of these controlling points 

Preliminary Survey. — As a result of the reconnaissance, it may be 
discovered that a particular belt of country is better than any 
other as a route for the railway, and it remains to survey this strip 
in detail, so that the line may be located upon it in the most favour- 
able position Otherwise, the reconnaissance may show that two 
or more belts of country appear equally suitable, and similar surveys 
are conducted over each to enable their relative merits to be studied 
and the line to be finally placed on one of them 

The surveys required at this stage of the investigation are called 
preliminary surveys The method which has been most commonly 
used consists in laying out on the ground a trial line with suitable 
gradients in what appears on thorough examination of the ground 
to be the most economical position The line need consist only of 
a senes of straights, no attempt being made to run in curves unless 
the angle of deflection between adjacent straights is considerable, 
in which case one or more short straights may be laid out in the 
approximate position of the curve The lines as laid out are sur- 
veyed by theodolite, jilane table, or compass, as the conditions 
warrant, and chaining is performed continuously along them, 
marlcs being left at intervals of 100 ft or 200 ft An essential 
feature of the survey is the running of a longitudinal section along 
the traverse lines The profile constructed from it is used for the 
laying down of suitable gradients, and, although only approximate 
because of the neglect of curves, the result is sufficiently accurate 
for the purposes of the preliminary estimate. 

To enable the relationship of the selected line to existing features 
to be exliibited in plan, a field party is detailed to “ take topo- 
graphy. The positions and levels of any artificial features, such 
as roads and buildings, near the line are obtained, since they influence 
the question of possible deviations from the trial line. There is 
considerable variation in field practice regarding the extent to 
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which topographical features are recorded. In some cases, no 
topography is taken other than particulars regarding the streams 
crossed : in others, a slprip of country on either side of the pro- 
jected line IS completely contoured on the basis of a 5 ft. interval. 
If only one belt of country is being examined, a complete contour 
survey serves for the final location, but when two or more pre- 
liminary surveys are being run it is uneconomical to take much 
topography. Little or no record of the features of the adjacent 
ground is required in places where there is no doubt as to the best 
position of the line or where the ground is so fiat that a deviation 
of the trial line will not appreciably affect the estimate of cost 
In doubtful situations, on the other hand, a few clinometric cross 
sections may be run out from the traverse On plotting these on 
the plan, and interpolating the contours, the most economical 
position of the line may be selected over the difficult part 

Location Survey. — The lines projected by the preliminary surveys 
having been carefully studied and compared with regard to first 
cost and operating expenses, selection is made of the scheme to be 
adopted The remaining field work is directed in the first place 
to making a more detailed investigation of the ground along the 
preliminary line selected, with a view to improving the location 
with reference to the minor topographical features Finally, after 
the best centre line is obtained, it must be staked out 

The final location may be performed entirely in the field, the 
engineer using the gradients shown on the preliminary profile as 
a guide in seeking for improvements in the alignment The detail 
work is then performed by a similar party to that employed on the 
preliminary survey, and operations are carried out on the same lines 
as before except that curves arc selected and run in In the hands 
of a highly skilled locating engineer this method is sufficient, but the 
more usual and, in general, safer alternative is to make a contour 
survey of the chosen strip of country and to use the resulting map 
for the selection of the best centre line, thus making what is known 
as a paper location The traverse and levels of the preliminary 
survey furnish the horizontal and vertical control respectively for 
the contour survey. The contour interval is usually 5 ft , and the 
contours are located by clinometric cross sections, by hand or 
ordinary levelling, or by tacheometry. The width of country to 
be contoured depends upon the transverse slope of the ground, and 
is much smaller on steep than on flat ground, since in the latter 
case the gradient or the depth of earthwork may not be seriously 
affected by a considerable lateral movement of the centre line It 
frequently happens in the course of the survey that local deviations 
from the projected line appear desirable, and the survey is either 
widened or looped to include the topography of the alternative 
route. In making the paper location on the resulting map, the 
depths of earthwork along any trial line are readily obtainable by 
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comparison of the proposed formation levels with the contour 
levels The process is one of successive trial until the line is obtained 
in which the gradients and curves are so Arranged, with regard to 
the class of railway proposed, that the first cost plus capitalised 
working expenses is a minimum. 

Location in Mapped Country. — The foregoing operations are 
greatly simplified when good detailed maps of the country are 
available. The preliminary trial lines may then be laid down 
directly on the maps and adjusted at doubtful points in the light of 
additional topographic data obtained at such places by cross 
sections or tacheometry These preliminary lines are transferred 
to the ground by means of scaled measurements, and the longi- 
tudinal sections are run 

When th(‘ best scheme has been selected, lithographed drawings 
of the plan and profile are prepared for deposit in suing for legal 
power to proceed witli the work These drawings must comply 
strictly with the statutory requirements as to scale and the amount 
of information to be exhibited 

Final Location. — When authority has been obtained to proceed 
with the construction, the line as projected on the paper location is 
set out on the ground It is, however, still subject to such minor 
alterations as may be found desirable, but such deviations from 
the approved centre line must not bo of greater extent than is 
allowed by the law of the country concerned. In this country, 
lateral deviations must not exceed 100 yards on either side of the 
centre line in country districts and 10 yards in towns and villages, 
and limits are also set as to sharpening curves and steepening 
gradients * 

Setting Out in General. — Although in most cases the work is 
very simple in principle, difficulties are commonly encountered 
in practice, and indirect methods are frequently necessary, especially 
during the progress of construction As each case must be dealt 
with according to circumstances, it is difficult to formulate hard 
and fast rules, but one or two considerations are of general applica- 
tion. 

The need for complete checking of the work is self-evident, 
as an undetected mistake might have serious consequences. When 
the work is not such as will enable the closing error to be ascer- 
tained, there is a greater sense of certainty if important pegs are 
located by two different methods based upon independent sets of 
calculations than if the same method is repeated. 

Instruments should be tested at frequent intervals, and should 

* See “ The Railways Clauses Act, 1845,” ” Standing Orders of the House 
of Lords,” “ Standing Orders of the House of Commons,” and ” Rules and 
Regulations Issued under the Ministry of Transport Act, 1919,” or The 
Freparatxon of Parliamentary Plans, by R. T. Fuller. 
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be so used that errors of nim-adjustment are reduced to a minimum. 
A steel band should be used for linear measurements 

In structural work, a s(?tting out plan should be prepared showing 
those lines of the work which have to be set out As it may be 
impossible to locate these directly owing to obstructions, con- 
siderable use may have to be made of parallel lines, and it is there- 
fore desirable at the outset to provide a convenient framework of 
reserve lines clear of the ground to be occupied by plant All 
intersections arc marked by pegs, the exact point being indicated 
by the head of a tack driven into the peg, and full information 
regarding the linear and angular dimensions to these points should 
be entered on the plan 

In abstracting the required dimensions from the drawings, the 
surveyor must be on his guard against possible errors in the figuring 
of the drawings Scaling should be resorted to as little as possible, 
and then only for minor features in the case of skew structures, 
the skew distances must be calculated Thus, for setting out a 
skew bridge the skew span and lengths of the abutments are com- 
puted from the given square span and width and the angle of skew 
Some of the dimensions necessary to fix the positions of the wing 
walls may have to be scaled In the ])rocess of setting out such a 
structure, it is first necessary to locates a centre line and drive a 
peg thereon to mark the centre point of the bridge On planting the 
theodolite over this peg, the angle of skew is set out, and points arc 
established on the faces of the abutments Pegs are located on the 
lines of the abutment faces prolonged clear of the work, and their 
distances from the corners of the abutments are noted It is 
unnecessary in the first instance to provide pegs to mark the lines 
of foundations, back of wall, etc , as such lines can be obtained from 
that of the face The end of each wing wall is set out by means of 
a peg on the abutment face line and an offset distance, but one or 
more pegs should be driven on the face line of the wing wall clear 
of the excavation In the case of battered walls, only the foot of 
the wall is set out 


CURVES 

The ranging of curves is required in the location of various kinds 
of public works, but it forms so important a part of the setting out 
of the centre line of a railway that the following discussion refers 
more particularly to railway work. The methods, however, are 
similarly applied to other cases. 

Except for special purposes (page 345) railway curves are circular, 
and may be classed as simple, compound, and reverse. 

A Sim'ple Curve consists of a single arc connecting two tangents 
(a. Fig 261) 

A Compound Curve is composed of two arcs of different radii, 
curving in the same direction (6, Fig. 261). The centres of the two 
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arcs arc therefore situated on the same side of the curve, which itself 
lies completely on one side of the common tangent, i e the tangent 
to both arcs at their point of junction. 

A Reverse Curve consists of two arcs, of the 
same or different radii, curving in opposite 
directions (c, Fig 261) In this case the 
centres are on opposite sides of the curve, 
and the curve crosses the common tangent 

Note . — It IS to })e obseivetl that if the arcs in 
b and r, instead ot running tangentially into each 
other, liavo a .stiaighl, however short, introduced 
between them, they become simple cuives 

Designation of Curves. — A curve may be 
designated either in terms of its radius or 
with reference to the angle subtended at 
the centre by a chord of a particular length 
The former system is adopted in this countiy, Kjg 2 b I 

and the unit may be either the foot or the 

chain, the latter being the more common The central angle, or 
degree, system is adopted throughout America The standard 
chord length is 100 ft , the angle which it subtends at the centre 
being called the degree of the curve Although x^^^rhaps not so 
convenient for jjlotting, the degree system x^ossesses considerable 
advantages in setting out 





Relationship between Radius and Degree. 

Let R = the radius in feet, 
and D = the degree ot a curve 
In Fig 262, let AB be a 100 -ft chord, and let E, 
\ mid-point, be joined to O, the centre of the are , 

\ i / then, since OE is perpendicular to AB, 

in 

\H7 Hin il ) -= — — , 

V ^ OA R 

° A U ^ 

Fig. 262. and K = — ■ 

Sin ^1) 

These relation 8 hix)s are precise, but, in calculating the radius 
corresponding to a given degree, or vice versa, advantage may often 
be taken of the circumstance that the sines of small angles are 
nearly proportional to the angles themselves, so that 
R sin 


R^ sm D 

The radius of a one-degree curve is 5729-6, say 5730 ft , so that, 
approximately, 5739 

■ 


This formula is not apxilicable to curves of comparatively 
small radius, nor in special work requiring great accuracy, but is 


p.G.s. I. — y 
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sufficiently near the truth for the large majority of railway curves. 
It underestimates the :|^adius , thus, a 10° curve has actually a 
radius of 573-7 ft 

Elements of a Curve. — Let AGHKB (Fig. 263) represent a simple 
circular curve of radius 1\, connecting the two straights EA and BF, 

A and B being the tangent 
points. Let the straights be 
jiroduced to meet at C 

. 1 In the quadrilateral 
OACB, the angles OAC and 
OBC are right angles, 

C'CB=AOB=/, the 
Intersection Angle, or Angle 
of Deftection, this quantity 
representing the amount of 
deviation given by the 
curve. 

2 The equal distances AC 
and CB are called the Tan- 
Pkj 2f)3 g(^nt Lengths, T Join CO 

A(y 

In the triangle ACO, = tan AOC = tan J/, 

T R tan \I. 

3 Let AG, GH, UK, and KB be equal chords Join G, H, K, 
and B to A. 

The angles AOG, GOH, etc , subtended at the centre by these 
chords or arcs, are equal, and are each twice the angles GAH, etc , 
subtended at the circumference The angle CAG between the 
tangent and the first chord is also half the central angle subtended 
by that chord, and therefore equals the angles GAH, etc 

The angles CAG, CAH, etc , contained between the tangent 
and the rays from A to the various points on the curve, are called 
the Deflection Angles of those points The most common method 
of locating points on a curve is based on the use of these angles, 
the values of which have therefore to be calculated. Since the 
deflection angle to any point is the sum of the circumferential angles 
for the chords or arcs lying between the origin of the curve and that 
point, it is sufficient to examine the calculation of these circum- 
ferential angles 

Formulce for Circumferential Angles (Fig 264) 

Let C = chord length in feet, 

A = corresponding arc length in feet, 

R = radius of curve in feet, 

D = degree of curve, 

8 = circumferential angle 



Fig. 264. 
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In terms of O and E. 

SinS = ^, 

or 0 = sin 

In terms of A and R 

S, in radians, = — , 

R 

, . , 180 XW 28-65 J 

and, in degrees, = — = — , 

7:R R 

Qj, 1718 9 A ni mutes. 
R 

In terms of C and I) 

w 

Sin 3 = —, 

It 


but R — - 


sin \I) 

W sin iJ) 


With the approximation that the sines of small angles are pro- 
portional to the angles themselves, 

^_CI) 

200 

If C is 100 ft , 8 IS exactly ^ 

2 

In terms of A and I) 

^ 28-65^ 

d - » 

R 

28-65.4 sm \I) 


=- 573^ sm \D 

Since the triangle ACB (Fig 263) is isosceles, the total deflection 
angle CAB between the tangent and the chord joining the tangent 
points = \I 

4 The length L of the curve AB = the central angle AOB in 
radians xR. j^IR 

= = -01745 IR, where I is in degrees. 

180 ^ 

If n =the number, integral or fractional, of arcs of length A form- 

II 

ing the curve, then ^ ^ ’ 

andi= 
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R 

These relations are precise, but if tlie ratio — is great, A and C 

A 

become nearly equal, and 

1 ]Q 

L 7iC = approximately. 


SPOTTING OUT SIMPLE CTTRVES BY THEODOLITE 

Location of Tangents. — In pegging out a line composed of straights 
and curves, the straights, or tangents, must be set out before the 
curves connecting them can be located It is assumed that the 
surveyor is provided with a copy of the working plan, upon which 
the line is shown in relation to the controlling traverse of the pre- 
liminary survey and to existing features By scaling distances 
from the traverse lines or from buildings, fences, etc , several points 
on each tangent can be obtained on the ground by tape measure- 
ments Such j)oints being temporarily marked, the tangents may 
then be set out by theodolite, so that, by trial and error, they run 
as nearly as jiossible through the marks 

Peg Interval. — It is necessary for purjioses of reference, and for 
convenmntly obtaining distances along the line, that the pegs 
should be at equal intervals from the start of the railway to the 
end There must be no break in the regularity of their spacing in 
passing from a tangent to a curve or vice versa The setting out 
must therefore start at the beginning of the railway and be con- 
tinued forwards The interval between the pegs may be either 66 ft 
or 100 ft The former has the advantage that every tenth peg 
marks a furlong, and in this country is that generally adopted. 
In America the 100 ft interval is universal, while in countries in 
which the metric system is used a distance of 20 metres is most 
commonly employed On sharp curves additional pegs may be 
driven at 33 ft or fiO ft centres 

Location of Tangent Points. — Eor a given pair of straights, there 
is only one point at which a curve of given radius or degree may 
leave the first straight tangentially in older to sweep tangentially 
into the second 3'he points of commencement and termination 
of the curve must therefore bo determined with greater precision 
than would be possible by merely scaling their positions from the 
plan 

I. Having located the two tangents and defined them by ranging 
poles, peg out the first tangent EA (Eig 265) up to about the 
estimated position of A, the theodolite being placed on EA and 
aligned on one of the poles. By means of the instrument, produce 
the straight to align two poles a and 6 a few feet apart, one being 
placed on each side of C, the position of which is estimated by the 
chainman from the line of the poles on BE. 
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2 Transfer the instrument to some convenient point on the 
second straight, and produce the latter to meet a string stretched 
between a and h The jioint of intersection C of the two tangents 
thus obtained is marked by a peg 

3 Set up the theodolite over (-, and measure the angle EOF By 
subtracting the result from IHO"", the value^of the intersection angle / 
is obtained Calculate the tangent lengths from T ^ B tan \I 

4 From C measure back the lengths CA and CB = 1\ the tangent 
points A and B being aligned from the instrument at C Mark 
A and B in a distinctive manner, either by painted pegs or by three 
ordinary pegs, the centre one of which defines the point 

5. Transfer the instrument to A, and set it over the tangent point 
peg Measure the angle CA B, which should equal \I This provides 
a convenient check on the equality of the tangent lengths, which 
may, however, both be in error by the same amount through a 
mistake in the measurement of I or in the calculation of T 

6 The chaining of the first straight may now be completed, the 
chain age of the point A being noted 


Location of Points on the Curve by Deflection Angles. — In setting 
out pegs on the curve, the most generally adopted method involves 
the use of one theodolite only (Wsideration will be given later 
to the manner of employing two instruments (page 334) 

The interval bc‘tween the chainage pegs on the curve should 
strictly be measured as the arc intereeptecl between them, and 
consequently, in employing chords to locate the pegs, the length 
of chord between two adjacent would apjiarently have to be 
calculated In the great majority of eases m practice, however, 
the difference in length between the chord and the arc is quite 
negligible, and it is sufficient to use the peg interval as the chord 
length In describing the field work, it will be suxiposed that this 
is done 

It will seldom haxqien that the tangent point A falls exactly at 
a peg interval from the last x^eg station on the first straight In 
consequence, since the chainage must be continuous, the chord AG 
to the first x^oint G on the curve will be shorter than the regular 
length C Such a chord is termed a Suh-chord There will also 
in general be a sub-chord at the end of the curve Let their lengths 
be denoted by c and c' 

1 From the chainage of A obtain the length of the first sub-chord 
Thus, if E (Fig 265) is the last chainage peg on the straight, 
c = (7 -EA 


2 Calculate the circumferential angle 8 for a chord C by any 
of the above formulae, whether involving A or C, since these are 
being regarded as equal The circumferential angle CAG for the 
sub-chord may be obtained in the same manner, but w ith sufficient 

accuracy may be taken as ^ 8 

0 
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3. Draw up a table of the deflection angles to the various points 
1st deflection angle <^i = -7; 8, 

2nd „ da^^S-t-S, 

3rd „ d,= ;^S+2S, 

c 

and so on, up to a maximum of J/ 

Instead of multiplying 8 by the factors 2,3, etc , it is preferable 
to obtain each deflection angle from the previous one by the addition 
of 8 In this way a mistake made at one point will be continued, 
and may be detected in the following manner (Calculate, from 
the value of the angle /, the length L of the curve Then 

Chainage of A+iy= C^ainage of B 

The amount by which the chainage to B exceeds an exact number 
of peg intervals is the length of the end sub-chord c\ and the 
calculation of the deflection angles is checked if the circum- 
ferential angle corresponding to c' equals (}/— the deflection angle 
to the end of the last whole chord) 

The tabulated values of f/|, d^, etc are the angles to bo set 
on the circle of the theodolite in locating the curve, provided the 
direction of curvature from the first straight to the second is 
towards the right, as in Fig 265, since this direction is the same as 
that of the graduation of the circle of the instrument If, however, 
the curvature is towards the left, and the circle is not graduated 
both ways, each of the above angles must be subtracted from 360”, 
and the resulting values tabulated 

4 With the instrument at A, set the vernier to zero, and sight 
on C Keeping the horizontal circle clamped, set off the first 
deflection angle d^ on the vernier, so that the line of sight is now 
directed along AG The point G having to be a distance c from A, 
the rear chainman holds the chain with the reading c at the peg A, 
while the leader, holding the end of the chain against a pole, is 
directed by the surveyor into the line of sight When the chain 
IS taut, and the pole is at the same time in the line of sight, the 
position of G IS obtained, and a peg is driven at the point 

5 Set the vernier to read the second deflection angle 

the line of sight is along AH If the chords are 66 ft or 100 ft 
long, the rear end of the chain is held at G, and the forward chain- 
man swings about G until his end of the chain is in the line AH, 
when H is marked This procedure is repeated up to L, the end of 
the last whole chord, the position of each peg being determined by 
a ray from A and a measurement from the previously driven peg 
6. Measure the length LB of the terminal sub-chord If the 
result agrees with the calculated length c', the chaining is checked 
To test the accuracy of the whole work, set the vernier to read J/, 
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If there has been no accidental change in the orientation of the 
instrument, the line of sight should again pass through B. Now 
relocate B by this ray and 
by measuring c' from L 
If the new position of B 
does not coincide with the 
tangent peg, the distance 
between the two points 
IS the actual error of 
tangency, the allowable 
amount of which will 
depend entirely upon the 
circumstances of the case 
If this is exceeded, the 
whole work would require 
to be checked ah initio In situations where a few inches are of little 
importance, it is usually permissible to adjust the last few jiegs to 
secure tangency in city or tunnel work the required degree of 
precision is, of course, greater 

7 The fh'st chainage peg on the second straight will be the amount 
{C -c') distant from B, and the chaining of this line may now be 
proceeded with on the transfer of the instrument to B or to another 
convenient point on BE 

Notes — (1) Assuinins the error m the of the eliain i« neplifrible, the 

most common source of error in the above work is in setting oft the wrong 
value for a deflection angle, the ettect of this mistake being eontmuod along 
the remainder of the tuiv^e The surveyor slioukl therefore always compare 
each leading, as set, with the tabulated value of the angle Quito a satisfactory 
method of detecting mistakes ^n other than rough ground is for the chainmen, 
and the surveyor himself ylieie possible, to observe at frequent intervals 
whetlu'r the pegs which have been driven appear to he on a smooth curve 
]n this way it is jiossible to discover a comparatively small local error 

(2) Much time may be sa^ ed on a long cm ve if at each point to be fixed the 
leading chaiiiinan puts himself roughly m position before being guided by the 
instrument man He should do so by referring to the position of the previous 
chord produced After pegging point H, for example, and pulling forward the 
chain, he should holil it approximately m the line CfH, and then swing his 
handle through the constant deflection distance to leach K The surveyor 

(72 

should tell him tins distance, whicli — — provided the chord produced is not a 
sub -chord (page 337) -K 

Alternative Method o£ Setting Off Deflection Angles. — If there 
were no sub-chord at the commencement of the curve, the. values 
of the deflection angles would be S, 2S, 3S, etc , and a table of these 
could be prepared beforehand and used repeatedly in setting out 
curves of the particular radius to which it applies In cases where 
there is an initial sub -chord, the manipulation of the instrument 
at A may, however, be arranged §p that advantage can be taken of 
such a table. 

The chainage of A and the length and deflection angle of the 
sub-chord having been obtained in the usual manner, set off this 
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angle behind the zero of tne circle, so that the reading is (360°— the 
computed angle) for a right-hand curve With the vernier clamped 
to this reading, sight on C Turn the vernier to read zero . the line 
of sight IS now along AG ( Fig 265), and the point G may be obtained 
By then successively setting off 8, 28, 38, etc , the tabulated angles, 
the remaining pegs are located. In setting out a left-hand curve 
on this system, the tabulated angles can be used without subtraction 
from 360° provided the vernier reading for the tangent backsight 
IS (nS+the deflection angle for the initial sub-chord), w^here n is 
the number of whole chords in the curve 


Example of Calculations. — Suppose that in ranging a right-hand 
curve of 32 chains radius by cliords of one chain, with an instru- 
ment capable of reading to 30", the intersection angle I is found 
to be ] 4° 38' Let it be required to calculate the quantities necessary 
for the setting out. 

T — R tan \I, 

- 32^ tan 7" 19', 

— 4 11 cFiams 


On moasium^ back this disianco from 0, let the cliainago of A bo found to 
be 265 73 chains (cominonlv written 265+ 73) The initial siib-choid c has 
therefoie a length of 27 links 

The circumferential angle foi a chain thoid, in minutes, 

1 7 1 H n j\. 

1— ^ , and \Mth the apjnoximatioii that A - 1 chain, 

R 


R 111 chains 

and for the sub-chord — x 53' 71— 14' 50 
100 

Table of deflec-tion angles to nearest 30" 

= 14' 30" 

(i, - 14' 50+ 53' 71 68'2l-r 8' 0" 

c/g- 68'21 I 53' 71 - 121' 92 ^ 2” 2' 0" 
rf, - 121' 92 f 53' 71 - 175' 63 = 2" 55' 30" 

(/, - 175' 63 + 53' 71 --- 229' 34 - 3" 49' 30" 

-- 229' 34 + 53' 71 - 283' 05 ^ 4“ 43' 0" 

- 283' 05 1 53' 71 - 336' 76 - 5" 37' 0" 

336' 76+ 53' 71 - 390' 47 - 6^^ 30' 30" 
II ^ 7° 19' 0" 

To check tho calculation of tlie deflection angles, we have , 

_ 3 1416 y 14°38'y 32 
"180'’“ 180° 


-- 8 17 chains 

(yhainage to B — 265 73 -1 8 17 
- 273 90 chains. 

Length of final sub-chord c' = 90 links 

90 

The circumferential angle subtended by 90 link.s= x 53' 71 = 48'-34, 
but - 7°19'0"- 6° 30' 30"= 49' 30", 
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The calculations are therefore checkoil, the final (hffeience, due to the 
aasumption that C and A are equal, being negligible. 

Note — If, instead of preparing a list of dedection angles as above, the 
engineer uses one of the published tables of defier tion angles, he calculates the 
circumferential angles for the sub-chords, r\z 14' 30" and 48' 30", as before. 
Ho sets the vernier to read 359“ 45' 30" foi the backsight AC, and moving the 
vernier to 360° directs his line of sight towards the fust peg on the curve 
Thereafter, ho sets off the seven successive tabulated angles, 53' 30", 1° 47' 30", 
etc , up to 6° 16' 0" The reading for the sight on B should bo 6° 16' 0" + 
48' 30"--7° 4' 30" 

If the curve wore left-handed, the vernier setting for the sight AC would be 
6° 16' 0"+ 14' 30"— 6° 30' 30" The successive sett ings are then the tabulated 
angles, 6° 16' 0", 5“ 22' 30", 53' 30", and 360°, which is the setting for 

the peg bofoTO the tangent ])mnt B Foi the sight on B, the veniier should 
read 360° - 48' 30":^ 359° 11' 30" 

Accuracy of Fix of Pegs on Curve. — Since the position of each 
peg on the curve other than the first is determined as the point of 
intersection of the instrument line of sight by an arc centered at 
the previously driven peg and of radius equal to the chord length, 
the probable accuracy of the location of the peg will depend upon 
the character of this intersection There will not as a rule be any 
doubt as to which of the two possible intersections is that required, 
but, if the angle between the chord and the line of sight is consider- 
able, these two intersections approach each other, and the fix 
becomes unsatisfactory, in that carelessness in chaining produces 
a relatively great displacement m the position of the point 
sought 

In Fig 2G6, L is the true position of the point to be located, 
and K is the last driven peg Let e be the error of measurement 
of the length KL= (7, so that the length 
of the chord as measured is KLj=((7— c), 
and Lj is the point actually set out If the 
angle Kl^A be denoted by a, the disjilacement a 
LL i in the direction of the line of sight is Fk; 266 

approximately given by e sec a The instru- 
ment being over the first tangent point, a = (dj — S), and, to secure 
a satisfactory fix, it is desirable that should not exceed about 30° 
If the curve is such that I is greater than 60°, so that some of the 
deflection angles may exceed 30°, the instrument should be shifted 
forward according to the method of the following Case 1 



Difficulties in Banging Simple Curves 

Case 1. — When the Complete Curve cannot be Set Out from the 
Starting Point. — It has hitherto been assumed that the curve is 
sufficiently short and the ground so flat and free from obstructions 
that all the required pegs on the curve can be set out from the one 
position of the instrument at A, It is, however, very commonly 
impossible to do sOr 
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In Fig. 267, the pegs G), H,^and J have been located by the- de- 
flection angles dg, and from A, but let it be supposed that, 

on setting off d^, the line of 
sight AK is found to be 
obstructed 

1 Transfer the instrument 
from A, and centre it over J 

2 Set and clamp the ver- 
nier to the angle it read at A 
when sighting C, ^ c cither 
zero or (360°— the deflection 
angle for the first sub -chord) 
according to tjie method used 
Sight back on A 

3 Transit the telescope 
Set the vernier to d^, the 
tabulated deflection angle for 
the* point K, and the line of 

sight IS now directed along JK, for, if C^JCg represents the tangent 

(!,.TA= JiJC,=rf„ 

JiJK-rf3+8=rf4 

4 Continue the setting out from J in the usual manner 

It may not be possible to complete the curve from the station J, 
in which case the further procedure is as follows 

1 Set up over L, the last point located from J 

2 Sight back on the last point occupied by the instrument or 
on any peg on the curve, with the vernier reset to read the deflection 
angle for that peg Thus, if J is sighted, the vernier must first have 
been brought to read dg 

3 Transit the telescope Set the vernier to d^, the tabulated 
angle for the next peg M The line of sight is now along LM, and 
the setting out may be continued 

Notcft — (1) Points which are to serve as instrument stations, or to which 
backsights are to be taken, should be marked with particular care, as other- 
wise it will be found troublesome to check in at the end of the curve. 

(2) The above method is arranged to possess the advantage that the 
checked tabular \alue&, dj, etc , are employed throughout On completing 
the work by sighting B from tlie last instrument station, the vernier should 
therefore read An alternative, but less convenient, method consists m 
setting off the angles 5, 25, etc , anew from the tangent at each instrument 
station. 

Case 2.— When an Obstacle Intervenes on the Curve. — If an 

obstruction, whether it can be seen over or not, is such that it 
cannot be chained across, it will be necessary to omit the location 
of the line across it until the obstacle is removed during con- 
struction To obtain the positions of the pegs beyond the obstacle 
the usual procedure must be modified as follows. 
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1. Having located in the ordinary w'vy the points G and H 
(Fig 268) up to the obstruction, find, by setting off the successive 
tabulated deflection angles, a clear line of sight to a point on the 
curve. Let AL be this line, the deflection 
angle being It is supposed that tlie 
point K, although clear of the obstacle,^ 
cannot be seen from A 

2 Calculate the length of the 
chord AL from the formula, 

J chord - ^ , 

= sin J central angle 

tended by chord, 


radius 
i e AL = 


long 


sub- 


2R sin dr 



3 Measure out this distance from A, aligning the chaining from 
the instrument at A, and peg the point L 

4 Continue the curve from L in the usual manner. 


Notes —(1) If upoessary, ppgs such as K can he located by oftsets from the 
long chord hy the methods of page 338, or, it the instrument is transferred 
to L, they may lie set out by defloctioii angles fioin L Othoiwise they may be 
left over until the obstruction has been icrnovod 

(2) It may happen that no clear lino AL can be obtained on account of 
obstacles of the type of (\isg 1 In such circumstances, liaving calculated tho 
length of the curve, and so determined the length of the final sub-chord, the 
curve may be sot out from tlio end H in the levc'ise direction up to K 

Case 3. — When the Point of Intsrsection of the Tangents is In- 
accessible. -This difficulty is of frequent occurrence Since the 
intersection ])oint C is employed both in the measurement of 1 
and as the starting point from which the lengths T are measured 
back, the field work must be arranged to supply the twofold 
deficiency when C is inaccessible 

1 Select any convenient intervisible 
points E and F (F'lg 269) on the 
straights 

2 Measure angles AEF and EFB , 
then / = 360°- AEF— EFB Calculate 
the tangent lengths from T=R tan J/. 

3 Measure EF, and solve triangle 
CEF for CE and CF 

4 To locate A and B, measure from 
E the distance EA= (T~CE), and 
from F the distance FB = (T~CF) 

5. Complete the pegging out of the curve in the usual way. 

Note — It frequently liappens that no clear line EF can conveniently be 
obtained, in which case it is necessary to lun a traverse between E and F, 
the required angles AEF and EFB and the distance EF being obtained by 
calculation 


C 



Case 4. — When the First Tangent Point is Inaccessible. — The field 
work must first bo directed to the determination of the chainage 
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of the inaccessible tangent point, since the length of the initial 
sub-chord and the positions of the pegs on the curve cannot other- 
wise be known. 

1 On chaining back th^ tangent length from C (Fig. 270) and 
finding that A is inaccessible, note the measurement from C to a 

point F clear of the obstacle , then 
AF = {T-C¥) 

2 By any method of measuring 
past an obstacle, e g. hy solution of 
a triangle such as FDE, determine 
the distance from F to some con- 
venient point E on the straight and 
at the other side of the obstacle 

3 Obtain the chainago to E , then 
the chainage of A=the chainage of 
E + EF-AF 

4 Compute the length of the curve, and so obtain the chainage 
of B 

5 Set off the curve in the reverse direction from B The result 
may be checked by measuring the length of the offset GH from the 

AH^ 

last peg located to the tangent, its required length being 
approximately 

Note — If it IS found inconvenient to sot out from B, tho method of Case 6 
may be employed 
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Case 5. — When the Second Tangent Point is Inaccessible. — In this 
case the continuation of the chainage along the second straight 
forms the difficulty Let A (Fig 270) be the second tangent point 

1 On chaining the second tangent length, establish a point F 
at a known distance from C 

2 Obtain, as in the last case, the distances FA = (T— CF), and 
FE to a convenient point E on the straight 

3 The chainage of A having been computed from that of the 
starting point and the length of the curve, the chainage of E = 
the chainage of A+FE— FA 

4 From the point E locate the first accessible chainage peg on 
the second straight. 

Case 6. — When both Tangent Points are 
Inaccessible. — I Having obtained the length 
AF and the chainage of A by the method of 
Case 4, compute, from FD =i?— AF^, 
the value of the perpendicular offset from F 
to the curve (Fig 271 ). 

2 With the theodolite at F, set out the 
point D very carefully. D will be employed 
as an instrument station from which the 
curve may be continued. Fia 271, 
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3. Calculate the length of arc AJ) from the circumatance that it 

AE 

subtends at the centre an angle ain~^ ^ , then the chainage to 

R 


D = the chainage of A 4 arc AD. 

4 Draw up a table of deflection angles referred to the tangent 

DH. 


5 Set the instrument over I). To lay the line of sight along 
DJ towards the first peg J, distant c from D, a backsight may be 

AF 

taken on F, and the vernier turned through FDJ =90°4sin“^ — 


-\ — S But, unless 1)F has been made reasonably long, it is much 

C 

better to secure a long backsight by regarding the curve as extended 
beyond A to E^, the point E^ being established by an offset EEj 
On sighting E^ from D, and turning through angle E^DJ = 

1S0°— J^sin^^^^-fsin — ^8, the line of sight will be directed 

\ Jt It ' ij 

towards J 

6 Continue the location until the obstacle at B is reached. Check 
the work by measuring an offset from the curve to the second 
tangent, and use the method of Case 5 in order to continue the 
chainage 


Notes — (1) Tiie whole ot the hold work involved in this method requires 
considerable caie in oidei that the rlosuio may bo offei tod The instrument 
stations .should bo carefully aligned and maiked by a tack on the peg Checks 
oil tho progress of the woik on a long curve may be made at intermediate 
instiument stations, such as K, by noting wdieio the tangent KL cuts the 
first tangent The dLstancc CL, for instance, should be found to equal 

(2) Having detei mined the chainage of A, the following alternative method 
of setting out the curve is jirefeiable when the intersection point C is readily 
accessible Set up the theodolite at C, and bisect angle ACB Compute the 
apex distance, or distance from C to the mid-pomt of the curve, and, by 
measuring out this distance along the bisector, locate M, the mid -point of the 
curve The chainage of M - tho chainage of Ah JL. Transfer the instrument 
to M, backsight on C, and set out the curve in both directions from M 

(3) A tliird method consists in locating an instiument station on the curve by 
measuring out from a point, such as E, on tlie straight Assuming that D is a 
point of known cliainage to which a measurement can be made from E, the 
distance El) and tho angle CED aie obtained by solution of triangle EAD 
since, the chainage of A having been ascertained, EA, AD, and angle EAD can 
be evaluated Alternatively, triangle EG D may be solved The point D having 
been pegged, the setting out can be continued from D after backsightmg on E. 


The foregoing difficulties may occur simultaneously, particularly 
in the course of setting out in cities. Thus, in Fig 272, which 
represents the centre line of part of an underground railway, the 
setting out is based upon the points D and E on one tangent and 
F and G on the other. Very careful traversing must be executed 
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between DE and EG to determine the intersection angle and the 
•positions of A and B To obtain any point on the curve, such as 
the centre of a shaft H, the co-ordinates of the point are computed 



from, say, E as origin and DE as meridian. A traverse is con- 
ducted from E towards H, the length of the last line being com- 
puted so that it ends on the required point The bearing of the 
tangent at H is^also calculated, and is set out from the traverse to 
form a base for the location of the curve underground. 

Horse Shoe Curves. — If, as in Eig 273, the angle / subtended 

at the centre of a curve exceeds 180", 
the point of intersection C of the 
tangents EA and BE lies on the same 
side of the curve as the centre 0 
The angles at C are as marked, and 
evidently from triangle AOC 

T = tan (180° -J/) 

The deflection angles may be laid off 
from AD, the production of the first 
straight, and they are tabulated in 
the usual way up to the maximum 
angle, DAB == \I 

In country necessitating the intro- 
duction of such curves it will usually 
be impracticable to obtain the value 
of I at the intersection point C, and 
the method of running a series of 
traverse courses or, if possible, a 
single transversal between points on 
the two straights is generally required. If EE be the traverse 
closing line or the transversal, then I =::AEE+EEB 

Setting out Simple Curves by Two Theodolites. — The positions of 
pegs on a curve may be determined, without the necessity of chaining 
the chord lengths, by locating them as the points of intersection of 
the lines of sight from two theodolites placed one at each end of the 




SETTING OUT WORKS 


335 


curve Since two instrument men are required, the method is not 
in general use, but might be warranted in cases where the curve 
lies on ground of such character that there would be difficulty in 
performing the chaining with the required degree of accuracy 

1 Having determined the positions of A and B, the chainagc 
of A, and the length c of the initial sub-chord, calculate the 
length of the curve and from it the 
chainage of B and the length c' of 
the terminal sub-chord 

2 Draw up tables of deflection 
angles from A and B respectively 
Thus, for the curve of Fig 274, we 
should have 



¥iii 274 


Point 

A 

D 


E 


F 


G 


B 


Angle from A 

Angle fiom B 

— 

^8+38 


1'8,38 


gs-l 28 

i8+28 

^S+8 

18 + 38 


18+38 f^8 = i/ 

C O 

— 


The fact that the sum of the deflection angles to each point on the 
curve equals provides a check in addition to the usual one 

3 With the instruments at A and B respectively, set off these 
angles consecutively, the chainman being guided to each point 
until the pole held by him is simultaneously in the two lines of sight 

Note — Should it be found necessary to shift one or both instruments to 
Bub -stations on the curve, the tabulated angles will be employed throughout 
if the orientation of the instrument at each setting is performed as in Case 1, 
page 329. 


SETTING OUT SIMPLE CURVES BY CHAIN AND 
TAPE ONLY 

The location of a simple curve may be performed without the 
use of an angular instrument in cases where : 

(а) A high degree of accuracy is not demanded, as in roads, 
avenues, etc 

(б) The curve is short, as in certain railway and tramway curves, 
corners of buildings, curved wing walls, etc. 
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Location of Tangent Points. — In short curves of small radius, 
the positions of the tangent points can generally be taken from a 
large scale plan with sufficient accuracy to permit of the fitting in 
of the curve between thorn t^n the ground Otherwise, the following 
method may be used 

S 1 Produce the two straights by eye to 

/ \ meet at C (Fig 275) 

x y F \ c 2 Select any pair of intervisible points D 

^ — I and E, one on each tangent and equidistant 

Y i from C, making CD and CE as long as is 

/ I , ' \ convenient 

' ^ ' i '' ^ 3 Measure DE, mark its mid-point F, and 

o measure CF 

Fio 275 4 Since triangles CDF and COA are similar, 

(^A CT 


so that T 


OA DF 
. ^ (^F 


Noteh — (1) If CD anil CE cannot conveniontly be made equal, select any 
points D and E in suitable positions on the respectiv^e tangents Measure the 
three sides ot triangle CDE, and solve foi angle DCE— 180° - /. Calculate T 
from T — R tan and measure out the differoncos DA and EB 

(2) If C IS inaccessible, angles ADE and DEB maybe evaluated bv solution 
of triangles such as A'DE and b’EiV from the measured lengtlis of their sides, 
A' and B' being convenient points on the tangents Thereafter the procedure 
18 as in Case .1, page 331 


Location of Points on the Curve by Deflection Distances. — This is 
the most useful method for a long curve 

Case (a) When there is no initial svb-chord, or the chainage is 
not required to be continuous 


1 With the tangent point A as centre (Fig 276), swing the 
chord length AD = (7 on the chain until the perpendicular offset 


ED from the tangent^— D is the 

2J{ 


position of the first peg on the curve 
2. By means of poles at A and D pro- 
duce AD its own length to F. Mark F 
with a pole or arrow, and, with centre D, 
swing the chord length to the position DG, 


so that FG= — . Peg the point G. 


3. Produce DG to H, and repeat 



Fig 276 


4. To check the work at the second tangent point B, KB being 
found to be a sub-chord of length c', set out the points L and M 
as for a whole chord. Bisect LM at N, then KN is the tangent 
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to the curve at K From KN set off tlie perpendicular offset 

c'2 

PB= ’ and the error of tangency will bo determined 

s 

Notes — ( 1 ) The above expressions for the offsets from the tangents and 
from the produced chords are precise If Q is, the mid point of AD, and 
A, Q, D, and G are joined to the centre O, the triangles AED and OQA are 
similar 

ED _ K' 

C i?* 

or ED- — 

2R 

Again triangles DFG and ODG are similar, since both are isosceles and 
FDG = 180° - 2GDO = DOG, 

(' It' 

(J- 

or FG - - * 

R 


(2) Unless the radius is veiy small, it is m general sufficiently accurate 


and more convenient to make AE— 6', so that the offset ED — — is not per- 
pendicular to AE 

In similar circumstances, LN may be set out perpendicular to KL and 


(ji 

equal to — without the necessity of locating M 
2R 

Case (h) Wheii there is an initial sub-chord, c. 

A slight modification is necessary in this case on 
account of the circumstance that the second peg G 
could not be located in the usual manner from the 
production of the short chord AD (Fig. 277) 

1 Obtain the position of D by swinging the 

length c about A until ED = — 



2 Consider the curve extended as shown dotted, fjo 277 


and locate the whole chord DD' by turning it 

about D until the perpendicular offset E'D' has the length given by 


the approximate formula 


2R 


3 Produce D'D a whole chord length to F, and swing through 

FG = — as before 
R 


Notes — (1) If the radius is more than, say, three times the chord length, it 
is usually quite allowable to locate D' by measuring back AE'= {G - c) and 
erecting the offset from E' 

(2) If the sub-chord AD is not too short for reasonably accurate production, 
an alternative method of locating G is to produce AD to F', making DF' a 
whole chord length C With centre D, the chord length is swung to DG, the 

distance F'G being approximately 


r G.s. I. — z 
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Location of Points on the Curve by Tangent and Chord Offsets. — 

These methods are useful for short curves. In such cases it is 
usually unnecessary th^t the pegs should be equally spaced, and 
the field work requires nc explanation Formulae from which to 
calculate the lengths of the offsets are as follows : 

(a) Offset o at a distance ? on a tangent from 
the tangent point (Fig 278) 

From triangle EDO, 

whence o = R \/ R^ ~ P, 

P 

- -—approximately 

2/t 

(h) Offset Oj from the mid-point of a chord of 
Fio 278 length C (Fig 279) 



In the same manner , 

(72 

— — approximately 
SR 



(c) Offset Og from the chord AB at a distance I from its mid- 
point 

Since a tangent to the curve at its mid -point F is parallel to 
AB, Og IS less than by the offset o above formulated, so that 

Og- o^-R+^/TP-P, 

P 

= approximately 

27^ 


(d) Having obtained F by the offset an alternative method of 
locating other points on the curve consists in bisecting chord FB 

FB2 

and erecting an offset GH = from its mid-point By dealing 


similarly with the chords FH and HB, etc , any number of points 
may be determined. 


Note — The approximate exprewbioiis above should not be used unless I or 
C IS small in relation to the radius. 


COMPOUND CURVES 

Elements of a Compound Curve. — In Fig. 280, ADB represents 
a compound curve, the two branches of which join at D and have 
centres 0^ and Og and radii R^ and R^ respectively, R^ denoting 
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the greater whether it comes first or second in the direction of 
chainage. The end straights, on being produced, meet at C, giving 
an intersection angle I The tangent lengths AC and BC are 
necessarily unequal, and will be distinguished as and of 
which Tg is the greater and is 
adjacent to the arc of greater 
radius.* The common tangent at 
D meets these end tangents at 
Cl and Cg, and makes with them 
the angles and /g equal 
to the respective central angles 
subtended by the arcs For the 
two simple curves, we have 
CjA ^ CiT) = 7^1 tan 
CgB = CgU = 7^2 tan ^7g ^ 

The following properties of 
the compound curve are evident 
from the figure 

(1) The centres and Ogare 
in the same straight line with 
D, since the radii O^D and Ogl) 
are both perpendicular to the 
common tangent 

(2) 7= (/j ) 73), since 7 is an exterior angle of the triangle 


CCiCg 

(3) 

Sin 7 

^1 " ^1+ (^1+^2) “ (^) 

Sin 7 

and similarly T ^ = ■ -(2) 

sin 1 


(4) must be greater than tan \I, or 7?^ must be smaller 

than Tj cot \I. for, if tan J7, the curve would be simple, 

and if were less than i^^tan \I, tangency at the second straight 
could be secured only by making the radius of the second branch 
less than 7i!i, which has been premised to be the smaller radius. 
Similarly, must be smaller than 7?g tan and Tig greater than 
Tg cot II. 

(5) If the arc AD is extended to E, so that the tangent at E 
is parallel to CB, then D, E, and B are in the same straight line. 
For OiE and OgB are parallel, and if DE and DB be joined, the 
triangles DOjE and DOgB are similar, since both are isosceles and 
their angles at Oj and Og are equal Therefore angles OjDE and 
OgDB are equal, and DEB must be one straight line Similarly, 
the corresponding point on the arc BD produced is in the same 
straight line as D and A 
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Relationships between' the Parts of a Compound Cuire. — The 

seven quantities involved in a compound curve of two branches, 
viz I, /j, /j, i?i, 7?2, 7i, and Tj, are interrelated in a manner 
deducible from the above expressions (1) and (2) as follows 

( 1 ) 


Sin / 

= tan 2 ^i + (/?i tan 4 /i+i ?2 2 ^ 2 ) 


sin I 2 
sin / 


but tan J/i 2 = 


1— cos 1 1 , 
sin . 




-COS 


or sin / = i?i 


sin 
1— cos /i 
sin I 


sin /i 


1 —cos / 2 

” Jt n 


Sin I2 
sin / 


r) 


(sin /-|-sin 72)+i?2(l ^ 2 ) 


Substituting sin for sin 7 2 , this reduces to 

sin 1= 7^i(sin / sin /^-l cos / cos cos /)+/i* 2 (l— cos 

= 7?i(cos (/— /j)— cos 7) +72 2 ( 1 — cos /g), 

= 7?i(cos /g— cos /)+/^ 2 (l —cos /g), 
which may preferably be expressed as 

= /?i{ (1 —cos 7) — ( 1 — cc sl 2 )}-\- /I'gll — cos /g), 
or 7\sin / = 7^1 versin /+(7^2— T^i) versm 72 (3) 

Similarly, Tg sin / = 7^2 versin 7 — (7^2 versin /i . .(4) 

Expressions (3) and (4) in conjunction with the relationship 
/=(7 i-|-/ 2) provide three simultaneous equations, the solution of 
which will determine three of the seven parts of the curve if the 
remaining four form the data. In practice, it will almost always 
be possible to locate the end straights first, so that 7 will be known 
If, in addition, both radii are given, there remains one quantity 
to be fixed, and this may be either a tangent length, or Tg, or 
one of the angles /^ or Ig If, as is generally the case, the curve is 
already plotted, it will usually be preferable to scale a tangent 
length, but the length of one of the arcs may be fixed instead, 
in which case /^ or /g is known By utilising the above three 
simultaneous equations, the manner of setting out the curve is 
made independent of the choice of data, but for definiteness in 
describing the field work it will be assumed that 72 1 , T^g, and 
are known, and that I is measured in the field. 


Setting Out a Compound Curve. — Data 7 ^ 2 , and /. 

1. Locate the end straights, and produce them to their inter- 
section C (Fig. 280) Measure I 

2. Calculate Tg* ^2 

3. Chain and from C, and peg A and B. Determine the 
chainage of A. 
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4 Calculate the lengths of the arcs Al) and DB and thence the 
chainages of D and B. Prepare a table of deflection angles for the 
arc AD : the deflection angle to D should work out as Simi- 
larly, tabulate deflection angles up to II 2 for the arc DB referred to 
the tangent at D 

5 Set out the arc AD from A. 

6 Transfer the instrument to D, and set the vernier to 
behind zero Sight A, transit, and set the vernier to the first 
tabulated deflection angle for arc DB The line of sight is now 
directed towards the first peg on DB Continue setting out to B. 

Notea — (1) Having includod the value of in the data, A must be located 
by measurement from C as above and not merely by its chainage as scaled 
from the plan If A is fixed by the latter method, its distance from C must 
be measured to give the value of to be used in the calculations 

(2) A check on the positions of A and B is obtained, if B is visible from A, 
by observation of the angle CAB, the value of which can be calculated by 
solution of the triangle CAB, but it frequently happens that the sight AB 
cannot be obtained If B is visible from J), the check may consist in estab- 
lishing the direction of the common tangent at D from a backsight on A, or 
other pomt on the arc AD, and obseiving wliether C 2 nB=i /2 in other 
words, verifying that ADB = (180” - ^7) 

Example of Calculations for a Compound Curve. — Let Ei= 20 chn , 

E 2 = 40 chn , 17-54 chn , and the measured value of /= 63° 29', 

the arc of smaller radius coming first in the direction of chainage 

1 2 IS first obtained from 

sin 7— i?| versin 7+ (7?2 - 7?i) versm /j, ... . (3) 

whence 1 2 — 39” 46' , 

and 7i= ( 7 - 72 )= 23” 44' 

T 2 ean now be derived from 

sin 7 It. versin 7 - (7?,- 7?,) versin 7,, (4) 

whence Tj— 22 85 chn 

On measuring back Tj, let the chainage of A bo found to be 252 46 chn 

Arc AD= 28chn , 

180° 

chainage of D = 252 46 + 8 28 - 260 74 chn 

Arc BD= 27 75 chn , 

180" 

chainage of B — 260 74-1-27 15= 288 49 chn 

The tabulation of the deflection angles may then proceed as for simple 
curves. 

Difficulties in Ranging Compound Curves. — The procedure in the 
case of obstacles or inaccessibility of C, A, or B is as for simple 
curves When D is inaccessible, the second arc is best set out from 
B, but, if B is also inaccessible, the location may be made by means 
of observations from A or any other instrument station on the first 
arc. 

Thus, in Fig 281, let it be required to locate H, one of the chainage 
pegs on the second branch, from the station G on the first arc. In 
triangle GDH, GD and DH can be obtained from the known 
lengths of arcs GD and DH, and GDH= (180°— C^DG— QgDH). 
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But CiDG= C 2 DH= the tabulated deflection angle 

of H from D, so that the triangle can be solved for GH, DGH, and 

DHG Now AGH=(180°- 
J/j -DGH) GH may there- 
fore be set out and H pegged 
On transferring the instrument 
to H, the work may be checked 
by observing whether GHB 
= (180°- J/a-DHG) in the 
case where this method is em- 
ployed with B accessible. To enable the tabulated deflection angles 
to be utilised in setting out arc HB, the backsight on G should 
be made AVith the vernier reading (360°— GHD) On turning the 
vernier to read the deflection angle for the next peg K, and 
transiting, the line of sight will be directed for the pegging of K 

Alternative Method of Setting Out a Compound Curve. — An 

alternative method of locating a compound curve of which the 
radii are known is designed to avoid the necessity of extending the 
end straights to their intersection C', and is very useful where C is 
distant or inaccessible or when 
the measurement oi and 1\ 
would be troublesome It in- 
volves the setting out of the 
common tangent by means of 
scaled dimensions from the plan 
in the same manner as for the 
end straights The points of 
intersection, Cj, Cg (Fig 282), 
of the common and end tangents are pegged, and /] and /g arc 
measured. In order that a compound curve of given radii may 
fit the three tangents, the necessary condition is that the length of 
the common tangent should = (^ 1 +^ 2 )= (i^itan i^ 2 ) 

The process of setting out is as follows 

1 Locate the end straights and the common tangent Measure 
I j and 1 2 SiY\d the length L of the common tangent as laid out 

2 Calculate and ^2 If L = (^ 1 +^ 2 )^ locate D at from Cj, and 
set out the arcs AD and DB 

3 If, however, L differs appreciably from (^ 1 +^ 2 )) and. /g 
being assumed to have been correctly measured, the discrepancy is 
due to the line not occupying the position required for common 
tangency The change required to make L = (^ 1 +^ 2 ) is most con- 
veniently effected by a movement of the line parallel to itself, 
so that the values of and 7 2 are unaltered The direction of 
shift will be outward, or towards C, if ^>(^ 1 +^ 2 )^ inward if 
L<(^i+^ 2 ), and the amount of shift can be calculated as follows. 

In Fig. 282, let G 1 G 2 be the line set out in place of CiCg, its 
length L being found < (^ 1 +^ 2 ). The perpendiculars GjHi and 




Fig 281 
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G 2 H 2 represent the shift s. Let the triangles GiCiHi and GaCgHg 
be supposed moved together until GjHi and GjHg are in coincidence. 
In the resulting triangle GCiCg, 


CiH - cot /,, 
and (' 2 H -- s cot /g , 

CiH H-CgH - s (cot /j+cot 


or, for any case, s 


cot /j+cot I 2 


^2)1 


Note — It IS usually quite justifiable to make 
the shift a parallel one, as the direction of the 
common tangent may be set out as accuiately 
as those of the end straights Alteration in 
the direction of the common tangent has the 
effect of changing the lengths of the component 
arcs and the position of the wliole curve 


REVERSE CURVES 

Since sudden reversal of curvature is 
objectionable at high speeds, the use of 
reverse curves should, where possible, 
be avoided on mam lines, but they are 
frequently required in sidings, etc , where 
the traffic is slow 

The geometrical principles involved are 
similar to those for compound curves, 
but the radii of the component arcs of 
a reverse curve may be equal, and the 
point of intersection C of the end straights 
may fall on either side of the common 
tangent and on either side of the tangent 
points A and B As before, 72 g will denote 
the greater radius, but T 2 , the adjacent 
tangent length, does not necessarily ex- 
ceed as in the compound curve The 
intersection point C may coincide with a 
tangent point, so that one of the tangent 
lengths vanishes Figs. 283 to 287 
illustrate various conditions 



o, 

Fia 284 



Fig 286 


(а) /i >/2 C on 0i side of common 
tangent and before A (Fig 283) 

(б) /i >/2 ^ common 

tangent and beyond A (Fig 284) 

(c) I^ = I 2 C at infinity (Fig. 285). 
(c2) /i </2 ^ on O 2 side of common 

tangent and before B (Fig. 286). 

(e) /i</ 2 ’ C on O 2 side of common 
tangent and beyond B (Fig. 287). 



Fig. 287. 
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As before, the angle I represents the angular deviation produced 
by the curve, but, in the case of reverse curves, 

The remaining relationships between the seven parts, corresponding 
to (3) and (4) (page 340), 'and derived in the same manner, are 

Tj sin I versin versin /, 

Tg sin 1 = (R^-{-R^ versin I^~R^ versin I 

These formuLse are applied in setting out in the same manner as 
the similar formulae for compound curves 


Case of Parallel Tangents.— In case c (Fig 285) / is zero, and 
and are infinitely great, so that the general formulae do not serve 
to enable' the curve to be set out This case is of considerable 
practical importance, and, since the data almost invariably include 
the distance between the parallel tangents, formulae for its solution 
may be derived as follows 

Let 7^ = the perpendicular distance between the parallel 
tangents. 

In Fig 288, let EDF be drawn through D parallel to the tangents 
and meeting OjA and OgB in E and F respectively 



ThenP=AE+FB, 

= versin /j+Pg versin /g, 
= (7?i+Pg) versin /j, 

. P 

or versin 1 1 = 

(Pi+Pg) 

If the radii are known, this formula 
suffices for locating D and enabling 
the two simple arcs to be set out 
Alternatively, if the radius and 
central angle of one arc are given, the required radius of the other 
can be found. 

In practice it frequently happens that a reverse curve between 
parallel tangents is comparatively short, and use may be made of 
the chord AB in setting out. 

It will readily be seen from Fig. 288 that D is always in the line 
AB. Now AD = 2i?i sin and DB = 2i?2 sin 


Ftg 288 


. AB = 2 sin ^ h(R^+R^) =2^(R^+R^), 

An 

or AB = V 2 P(i!:i+^ 2 j" 
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TRANSITION CURVES 

A Transition or Easement curve is a ncM-circular arc introduced 
between a straight and a circular curve, or between the two branches 
of a compound or a reverse curve The function of a transition 
curve in railway alignment is two -fold • 

1 To eliminate the sudden change of curvature in passing from 
a straight to a curve or from one arc to another of different radius 
or direction of curvature 

2 To provide a medium for the gradual introduction, tailing out, 
or change of the required superelevation of the outer rail 

Change of Curvature. — In passing from a straight into a circular 
curve, the sudden change of curvature from zero to a finite quantity 
at the tangent point causes a lurching of the rolling stock due to 
the abrupt calling into play of centrifugal force. The effect is to 
throw the train suddenly against the outer rail, and is evidenced 
by increased wear of that rail in the region of the tangent point 
The resulting oscillation not only depends upon the speed, but also 
increases with increase of change of curvature, and it is therefore 
more severe at the point of common tangency on a reverse curve 
and less marked between the two arcs of a compound curve than at 
the ends of a simple curve of similar radius By the introduction of 
a transition curve at those places, the change of curvature may be 
made continuous and as gradual as desired 

Superelevation. — In railway curves, in order to equalise the 
wear of the two rails and to eliminate the possibility of the tram 
mounting the outer rail by the action of centrifugal force, that rail 
IS elevated above the inner one by such an amount that the resultant 
of the weight of the tram and the centrifugal force acting upon it 
is equally distributed to both rails This is accomplished if the 
superelevation or cant is such that 

cant centrifugal force 

distance between centres of rails weight of train 
The centrifugal force acting upon a body of weight W, travelling 
with a velocity of v ft. per sec round a curve of radius i? ft , is given 
Wv^ 

by — — , where g is 32-2 ft per sec the acceleration due to gravity. 
gR 

The required amount of cant may therefore be expressed as 

cant in inches = distance between centres of rails in inches X — . 

gR 

A more convenient form of this relation is 
cant in inches = 

■8 X distance between centres of rails in ft x (speed in miles per hr.)^ 

radius in ft. 
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With the standard 4 ft.*8J in gauge the centres of the rails are 
about 4 ft 11 in. apart, and, on substituting this value, the formula 
becomes : 

... , 3-9 X (speed, in miles per hour)^ 

cant m inches — 

radius in feet 

_ -OG X (speed in miles per hour)^ 
radius in chains 

or = 00068 (speed in miles per hour)^ X degree of curve 

In fixing the cant for a particular curve, it is impossible to suit 
all classes of traffic, and practice varies as to the method of assigning 
a speed which will determine the value to be adopted. Cant is 
sometimes made to accord with the probable speed of the fastest 
trains, regard being paid to circumstances of locality, since speed is 
reduced on rising gradients and near stations and junctions. Ex- 
perience shows, however, that too much cant is as objectionable 
as too little, and it is better to base the cant on some speed less than 
the maximum, say the average speed of passenger trains. The 
speed to be allowed for is sometimes fixed from both the maximum 
and minimum speeds on the curve Thus, the rule on certain 
railways is to provide cant suitable for a speed 

V = Vi(V^ max -f min ) 

If the cant, as calculated, exceeds a certain limiting value, the 
speed of fast trains should be reduced on the curve The most 
commonly adopted maximum value is 6 in , a greater cant than this 
being very rare 

At the junction of a straight and a circular arc, since the necessary 
superelevation for the curve cannot be introduced abruptly, three 
courses are open in the absence of a transition curve ■ 

1 To commence tilting the track on the straight, so that 
when the tangent point is reached the full superelevation is 
provided. 

2 To introduce the cant along the curve, the rails on the straight 
being level transversely up to the tangent point 

3. To combine the above methods, so that the cant is introduced 
partly on the straight and partly on the curve. 

These methods are objectionable, since the requirement that 
superelevation should be proportional to curvature is not fulfilled. 
The effect of a transverse inclination on the straight is to cause lurch- 
ing of the rolling stock against the low rail, with excessive wear of 
that rail With insufficient cant on the curve, the effect is trans- 
ferred to the elevated rail. The first and third methods are not 
uncommon, and if the latter is accompanied by an arbitrary 
‘‘ sweetening ” of the junction when laying the rails, its faults 
are to some extent removed. The objections to the above methods 
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are, however, entirely obviated by the introduction, between the 
straight and the circular curve, of a transition arc of such varying 
curvature as will enable the cant to be introduced at any desired 
rate, the curvature at any point corresponding to the cant required 
at that point 

Requirements of a Transition Curve connecting a Straight and a 
Circular Arc. — These are as follows 

1 The transition should be tangential to the straight 

2 Its curvature should be zero at the origin on the straight 

3 The curvature should increase along the transition at the same 
rate as the cant increases 

4 Its length should be such that at the junction with the circle 
the full cant has been attained 

5 It should join the circular arc tangentially. 

6 Its curvature at this point should be the same as that of the 
circle. 

The conditions as to the tangency and curvature at the origin 
and the end of the transition are definite, but the rate of change of 
curvature and the length are dependent on the rate at which the 
cant IS introduced It is the universal practice to increase the cant 
at a uniform rate, and, in consequence, the curvature of the transi- 
tion at any point is proportional to the distance of that point from 
the origin 

Length of Transition Curves. — The length of transition curve 
required to enable the cant to be applied at a suitable rate may be 
determined in three ways 

Let L ^ length of transition m ft , 

V — speed on which cant is based, in miles per hour, 
v=^ ,, ,, ,, ,, in ft per sec , 

C= cant in inches for standard gauge, 

B = radius of circular curve in ft 

First Method — The length may be that required to permit the 
superelevation to be introduced according to an arbitrary gradient. 
This is a common system, and the rate of canting varies in practice 
from 1 in in 25 ft to about 1 in in 100 ft , so th^t L runs from 300 
to about 1,200 times the cant 

On this principle, if the gradient is I in. in s ft., 

^ 3-9725 

Second Method — The length may be such that trains are canted 
at an arbitrary time rate. This rate may range from 1 in. to over 
2 in. per second. 
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li r rate of canting fn inches per second, 

L C 3‘9F^ 

the time taken in travelling over the transition = - =- = — sec., 

V r Er 

; 5 72F3 

so that L = 

Er 


Third Method — The length may be such as to enable the rate of 
change of radial acceleration on the transition curve to be limited 
to the extent that no sensation of discomfort may be experienced 
by passengers Mr Shortt* states that in his experience a rate of 
change of acceleration of 1 ft per sec ^ jier sec is the maximum 
that will pass unnoticed. 

Let a — allowable rate of change of acceleration in ft per sec 
V, V= max speed in ft per sec and miles ])er hour, respectively 

The time taken to travel over the transition — — sec 

V 

Acceleration attained in that time ft per sec 

V 

- the radial acceleration on the circular arc , 

H 

whence L , 

aR 

or, for a = 1 ft per sec 
E 

Either of the methods making L oc F-* is preferable to the first. 


The Ideal Transition Curve. — Let 

E = the radius of the circular curve (Fig 289), 
r ^ the radius of the transition at any point P, I ft along it 
from the origin T, 
c = the cant at P, 

= the angle between the straight and the tangent to the 
transition at P, 

= the value of 0 at S, the point of junction with the circle, 
L =the total length of the transition 

Since cant will increase uniformly along the transition, 

- = constant, 

I 

but cant is inversely proportional to radius, 

rl = constant = EL 


* “A Practical Method for the Improvement of Existing Railway-Curves,” 
by W. H. Shortt, Min. Proc Inst. C E , Vol. CLXXVI. 
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Now - = — , the curvature, 

r dl 


HL 


dV 


m 

or d<f.= -, 


and integrating, 





6 1- k 

^ 2BL ^ 

When 2 = 0, ^ 0, 

. . A; ^ 0, 

12 

80 that 0 = intrinsic equation of the ideal transition spiral. 

For the purpose of setting out this curve by offsets from the 
tangent at the origin T, the Cartesian co-ordinates, referred to the 
tangent as the r-axis, would require to be calculated, and may bo 
obtained as follows 


I - 


{H, 


(^1 ( f > 


-^ + rr-- 




I{Ld(f, 


but, from the intrinsic equation, dl = — — and, eliminating I, 

L 


dl 


R Ld4, _ VlRL ■d<l> 
V2RL<j) 2V'0 


2 \ 




f/(^, 


— / ^ ' 

by integrating which, y = V2RL[^ — 

the constant of integration being zero, since y when (f)= 0. 

/2 

By substitution of for 0, the value of the offset at a distance 

2RIj 

I along the curve from the origin is given by 
P _ r ill 

y rt/rkurv virv, I 


S(2RL) 13'(2RLy U 5'(2RLy^ 
dx , /, I <fy ^ 


Similarly, — = cos S — 1 1 — — — 

dl ^ \ 2' 4! 

and X = \/2ItL( (bl — ^ -\ 

V/ 5 2' 94' 


or = ^ — 


r- 


5-2i(2/?X)2 9 4'(2i^L)4 

The curve therefore does not lend itself to simple expression in Carte- 
sian co-ordinates. The series, however, rapidly converge, since in the 
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practical case (f) never eScceeds a small fraction of a radian. The 
X co-ordinate is of minor importance, since the offsets y could be 
employed in conjunction* with lengths I along the curve, the setting 
out being then performed by chords and offsets. 

In place of setting out the curve by offsets, use may be made of 
the method of deflection langlcs and chords from the starting point 
T Let d be the deflection angle from the tangent at T to a point I 
ft. along the curve, then 


tan d - - - 

JT 


7 3'”^ Il f)' 


^ rv2' 

= ^ 4 

3 105 


ri. 9 l '9.41 


20^ 


155,925 


This resembles the expansion, 

tan ^ = ^4^%^ 1 

3 3 81 3,645 ' 

quircd values of ^ to justify the approximation, 
3 

or, on substituting for 0, 

[2 

d= radians 

iSRL 


sufficiently closely for the re- 


Modifications of the Ideal Transition Curve. — With a view to 
simplifying the calculation of the quantities required in setting out 
a transition, various forms of curve, differing within the length 
required only slightly from the ideal curve, have been proposed, 
and are in use. 


The Cubic Spiral. — In the above expressions for the offset y, the 
error involved in rejecting the terms after the first is entirely 
negligible in practice, so that we have 
P 

y = — - , the equation of the cubic spiral 


The approximation made is equivalent to assuming 

sin (f, = (f), or ^ = <l>, 
ai 
72 

but 6 = 

2RL 

^ Ml 

■ 

and V = constant of integration being zero. 

^ 6EL 
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The cubic spiral is well adapted for location by chords and offsets 
from the tangent. If, however, the method of deflection angles is 
preferred, the approximation, 


d = 


(f> 

3 ~ 6BL 


radians, is quite valid. 


The Cubic Parabola. — If it is desired to make use of both Cartesian 
co-ordinates, then, in addition to the above approximation for y, 
the approximation that x = l may be similarly obtained by neglecting 
the terms in its series after the first The curve is thus modified to 

y = ,the cubic parabola, which is sometimes known as Froude’s 


transition curve 

The cubic parabola is inferior to the cubic spiral, as not only are 
approximations for both x and y introduced, but the error involved 
in the assumption that x = I, or cos 0= 1, is greater than that 
made in the approximation for y, since the x senes is the less 
rapidly convergent of the two The curve has, however, been 
extensively used owing to the ease with which it may be set out 
by rectangular co-ordinates It is not so well adapted for setting 
out by angles and chords, since the expression for rf, 

d = tan~^ — -- tan~^ , 
a: i\RL 


does not contain I The length of the chord between two points 
x-^y-^ and x^y^ however, 

L(x2- 

or, practically, + 


In the large majority of practical cases the differences between the 
three curves discussed are very small, and it is generally allowable 
to regard convenient properties of one as applicable to any of them 


Relationship between Transition and Main Curves. — The effect of 
introducing transition arcs at the ends of a simple curve being to 
lessen the curvature there, it would appear necessary to increase 
the curvature of the main arc in order to enable the whole curve to 
fit the tangents. It is, however, much preferable to preserve the 
radius proposed for the circular arc and accommodate the transi- 
tions by shifting the main curve to a position farther from the 
intersection point of the tangents. Alternatively, the circular 
curve may be located in the position it would assume without 
transitions if the two tangents are shifted outwards from the curve 
by an amount which will permit of the introduction of the transi- 
tions. The location will be considered with reference to the case of 
shifting the main curve, this being the usual practical case. 

In Fig. 290, TC represents the original tangent, and AC' the 
shift tangent, the perpendicular distance between them being the 
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shift s The transition *curve of length L joins the circular arc, 
placed between the shift tangents, at S, at which point the offset 
SU = Y. SV IS the tangent to both the transition and the circular 
arc at S, and the angle fA^hich it makes with the tangent TC is 
evidently equal to the angle AOS Let SW be drawn perpendicular 
to OA, then ^ ^ Y—WA, 

^Y~R versin 

'6R~SR~24:R 

with sufficient accuracy for any of the curves discussed above. 

Now ,^ 1 = — = — . 

2R R 

AS = - 
2 

But in practical cases the divergence between AS and MS is 
sufficiently small that we may put MS = AS, so that M is the mid- 
point of the transition arc 

Again, the offset MX 

® (SRL 48 /e 

i e the transition curve bisects the shift 


Setting Out. — The setting out of a transition curve, say the cubic 
spiral, may be performed (n) by deflection angles, {h) by tangent 
offsets 

By Defiection Angles — 1 Locate the tangent point T by measur- 
ing out the tangent length CT, which may with sufficient accuracy 
be taken = (i2+5) tan ^ Z+JL Alternatively, the iiosition of T 
may be found by first locating X from the measurement CX ^ 
{R + s) tan J /, setting out the perpendicular offs(‘i XM = ^.s, and 
swinging the distance MT =- \L 



Fio 290 


2. Obtain the chainage of T and from it the length of the first 
chord in the transition. It is desirable to make the standard chord 
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length C on the transition I or \ of the usual peg interval, and the 
deflection angles arc obtained from 

d = — — radians, 

QML 

=- , where ii=the number, integral or fractional, of 

chord lengths G from the origin, 

5737 ^ 26^2 


RL 


minutes 


Tabulate the deflection angles up to that of S, which = \^\=— 
573L , 

radians = — — minutes 
R 

3 Obtain the chainage of S by adding L to that of T, and tabulate 
the deflection angles for the circular curve referred to the tangent 
at S The maximum deflection angle is (^7 — 0i), and the length of 

the circular arc = — . 

180° 

4 Set the theodolite over T, sight along TO, and proceed to lay 
off the successive deflection angles and peg the curve up to S The 
position of S may be eonvemiently checked by measuring the offset 

6/i 


5 Transfer the theodolite to S Since TSV = the direction 
of SV may be obtained from a backsight on T For a right-hand 
curve this angle should be set off behind zero After sighting T and 
transiting the telescope, the vernier can be set to the first deflection 
angle for the circle 

6 Set out the circular arc in the usual way up to the end Sj, and 
obtain a cheek by measuring the offset to the second tangent at 
that point 


Notes — (1) Continuity of the cliamaf^e is somotimos disregarded on the 
transition curve, no initial sub-chord being used The chainage of S and 
the position of the first peg on tlie circular arc are, however, obtained as 
above. 

(2) In place of setting out the circAilar curve from S, the theodolite may be 
set up at A and the deflection angles laid out with reference to the shift 
tangent This method has usually the advantage of affording a longer back- 
sight The necessary changes in the computations will be easily deduced 


By Tangent Offsets . — In this method, T is located and its chainage 

^3 (nCY 

obtained as before Offsets are computed from y = ^ - = - 

(oRL ^RL 


for 


the initial sub-chord and the succeeding uniform chords, each peg 
being located by swinging the chord length from the preceding peg 
until the required offset is obtained . The chainage of S is determined 


res I — 2 A 
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as before, and the setting out of the circular arc proceeds by 
deflection angles from S or A 

Note , — In tlie case of the cubic parabola, convenient abscissae are measured 
out along TC 


Transitions between Branches of Compound and Reverse Curves — 

The length L of transition arc required between the branches of a 
compound curve is that necessary to deal with the difference of 
cant or with the difference of radial acceleration, according to the 
principle employed for determining length The formulae of pages 


347 to 35 1 are therefore made applicable by putting- 




for R 


(R,-R,) 

In this case the shift at the junction between the branches is 
the radial length of gap between the two shifted arcs. Its 
value is obtained by means of the same substitution for R, giving 

g = 2 1 ; before, the transition bisects, and is bisected by, 

24:R^R^ ^ 

the shift. The values of deflection angles are obtained by similarly 
modifying the previous formulae, but in this case the length of the 
transition curve is frequently so short that it is commonly sufficient 
to peg the mid-point and ends of the transition and, if necessary, 
locate one additional peg on each half by offsets 

In the case of a transition between the two branches of a reverse 
curve, the length L is the sum of the lengths and necessary for 
the individual radii R^ and i ?2 The gap between the two shifted 

J^2/R \ 

arcs at the original point of reverse is This original 

2^R -^R 2 

inflection point bisects the transition, but, unless the radii are equal, 
it does not bisect the gap, the individual shifts of the circular arcs 

from the common tangent being given by - ^ for the curve of 

3/ 2^1 2 24:Ri 

radius 7?^, and by * radius R^ * 

The most convenient method of setting out the transition is to 
locate the points at which the transition joins the shifted curves 
by measuring out \L on either side of the original point of reverse 
Points on the transition are then obtained by laying off deflection 
angles or by cubic offsets from the shifted arcs. The point of 
inflection of the transition coincides with that of the original curve 
only when the radii are equal. 


* For derivation of these formulae see Perrott and Badger, The Practice 
of Pailway Surveying and Permanent Way Work 
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MISCELLANEOUS OPERATIONS. IN SETTING OUT 

Setting Slope Stakes. — The operation of slope staking consists in 
locating and pegging points on the line^ in which proposed earth 
slopes intersect the original ground surface 

In the case whether cross sections have been plotted and the new 
work IS shown thereon, all that is necessary is to scale the horizontal 
distances representing the side widths or “ half -breadths ” (page 291) 
and to set out these measurements on the ground Slope stakes 
can, however, be located without the use of plotted cross sections 
by a trial and error process, which is best followed from an 
example 

In Fig 291, let the formation level at a certain point on an em- 
bankment, as derived from the profile, be 123-60, the top width being 
30 ft , and the side slopes 1 J 
horizontal to 1 vertical. Let 
the instrument height of a 
level commanding the ground 
be, say, I2I-3 The difference 
of 2-3 ft between instrument height and formation level represents 
a quantity, called the grade staff reading, which in this case falls 
to be added to readings of the staff when held on ground points 
in order to give the depths below formation of those points If, 
for example, the centre height of the earthwork is not known, by 
reason of a local deviation or otherwise, and the staff is held on 
the ground at the line peg C-, giving a staff reading of, say, 5-6 ft , 
the centre height of the embankment will be 7 9 ft 

To locate the slope peg A, the staffman must estimate where the 
foot of the slope will come, and he holds the staff there, measuring 
also its distance from the centre peg C Let us suppose the staff 
reading to be 8-3 ft This represents a depth from formation level of 
8-3 +2-3 = 10-6 ft , and, if the point selected is really on the toe of 
the slope, the corresponding side width ought to be l^X 10-6 + 15 
= 30-9 ft. If the measured distance happens to have this value, 
the staffman has estimated the position correctly, but it will usually 
require a second or third trial before the correct point is found 
Thus, if the staff reading of 8 3 ft was obtained at a distance of 
27 ft from C, the surveyor, on finding that the computed side 
width of 30-9 ft does not correspond with the measurement, would 
direct the staff holder to proceed farther from the centre. The 
next results might be 9-2 ft on the staff and 32 ft on the tape, 
which would be practically correct. In the same manner, the results 
of the final trial m setting the right-hand slope stake B might be 
3-7 ft on the staff at 24 ft from C. 

This method is very convenient for taking and recording cross 
sections, and is invariably adopted by American railway engineers. 
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The results in the case of vhe three level section of our example are 
conveniently written, 

7-9 

32-0 • ' 240’ 

the upper figures iii the pase of the side points representing the 
vertical distances betv^een formation and ground levels, reckoned 
positive for cuttings and negative for embankments, and the 
lower figures their distances from the centre Additional points 
between the centre peg and the slope stakes may be recorded by 
observing the staff reading and distance from the centre and 
applying the grade staff reading positively or negatively to the 
former From the side widths and centre and side heights, the area 
may be computed by the formulae on pages 21)1 and 21)2 


Setting Out Vertical Curves. — At the junction of two railway 
gradients it is desirable to introduce a vertical curve to round off 
the angle and give a gradual change from the one gradient to the 
other For convenience iii setting out, the parabola is generally 
employed for this purpose 

The length of curve required to afford a suitable rate of change 
should evidently depend ujion the algebraic difference between the 
gradients, but the most suitable length for any particular case is 
largely a matter of opinion The jiraetiee n^commended by the 
American Railway Engineering and JVlamtenance of Way Associa- 
tion, and which ’will serve as a good guide, is that for first-class 
railways the gradient should not change at a greater rate than 
0-1 ft per 100 ft station on summits and 0 ()5 It per station in 
sags, while for second-class lines the rate of change should not 
be more than twice as much According to this rule, the curve 
joining a rising gradient of 1 in 100, or 1%, with a falling gradient 
of 0-5% at a summit on a first-class road would require to have a 


length of 


1 +05 
01 


X 100 ft =1,500 ft 


The length of curve need not, 


however, exceed that of the longest train likely to pass over it 
Vertical curves are also required in road worlc In this case they 
are of special importance at summits, and should be of such length 
as will afford drivers a suitable limit of vision 

Whatever length is adopted, half of it is placed on either side of 
the apex at which the straight gradients meet. To enable the curve 
to be set out, its elevation at each chainage peg is obtained from the 
corresponding elevation of the tangent gradients, given on the 
working profile, by computing and applying the vertical distance 
between the tangent and the curve 

In Fig. 292, let two gradients meet at C, and let it be required to 
join them with a parabolic vertical curve n chains long. Pegs A and 
B, situated \n chains from C, mark the beginning and end of 
the curve ADB. By taking the average of the known elevations 
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of A and B, obtain that of E, the mid-point of AB, which is situated 
on the vertical through C The elevation of C being given on the 
profile, the dimension CE is now known, and, since the parabola 
bisects CE at D, the elevation of D is obtained. Now, from the 
property of the parabola that 
offsets from a tangent are 
proportional to the squares of 
distances along the tangent, 
the elevations of points on 
the curve may be computed. Thus, let = 5 chains, the chainage 
of C being integral as is usual, and let it be supposed that CD, = J 
CE, has been found to be 0-70 ft , then the offsets in order from A, 
as shown dotted, are respectively » 

the corresponding offsets from CB having the same values. 

Setting Out Tunnels. — The setting out of a tunnel is an operation 
demanding a high order of precision throughout The usual type of 
engineer’s theodolite is not always sufficient, particularly with regard 
to the quality of the telescope and general stability, and a 6-in. or 
larger instrument is sometimes necessary 

The simplest case occurs when the two ends of the tunnel are 
intervisible or visible from an intermediate point, so that its direc- 
tion can be laid out on the ground without difficulty and continued 
beyond the entrances Permanent ranging marks are constructed 
clear of the work, and from these the line may be projected into 
the tunnel at each end If the tunnel is also to be driven from 
shafts, these must be carefully aligned on the surface, and, when 
the shaft is sunk, the alignment at the bottom is commonly obtained 
by suspending two plumb lines from a frame above the shaft Each 
consists of copper, brass, or steel wire, and carries a rather heavy 
weight immersed in a pail of water for steadiness The plumb 
lines should be capable of fine adjustment into line, and the upper 
end of each should therefore be mounted in a manner permitting 
lateral movement by means of a screw The distance between 
the wires forms a short base which is prolonged underground by 
setting the theodolite in lino with them, numerous face right and 
face left observations being taken to reduce instrumental and 
observational errors to a minimum A lamp, screened by having a 
sheet of tracing cloth pasted over the glass, is placed behind the 
far wire when the instrument is being aligned, and a similar lamp 
is used behind any mark being set out When the shaft is not on 
the centre line of the tunnel, the plumb lines are usually placed bo 
that the line through them is roughly normal to the centre line 
This line is prolonged on the surface to meet the centre line, and 
the intersection angle is measured, as well as the chainage of the 
intersection point and its distance from the plumb lines. By 
setting out the same dimensions underground, the corresponding 
point on the centre line and the direction of the tunnel are obtained, 



Fig 292. 



358 


PLANE AND GEODETIC SURVEYING 


Similar care is required in the levelling. The relative levels of 
formation at the two ends of the tunnel must be carefully deter- 
mined by running two oi^ more lines of levels between them, the 
precautions against error following those adopted in precise levelling 
(Vol. II, Chap. V). The formation levels at the various shafts 
are computed, and are established underground by means of vertical 
steel tape measurements from level marks at the surface 

The more usual case occurs when the ends of the tunnel are not 
intervisible, and their relative positions must then be carefully deter- 
mined. This may sometimes be accomplished by traversing, but 
in most cases it is necessary to connect the ends by triangulation 
extended from a carefully measured base line (Vol II, Chap. Ill) 
The length of the tunnel is ascertained, and intermediate points 
are located, by co-ordinate calculation from the triangulation, and 
the centre line, whether straight or curved, may then be set out 
on the surface Instrument stations are established, and by observa- 
tions from them the plumbing wires at the shafts are aligned as 
before In the case of curves, the centre line is best located under- 
ground by offsets from a series of chords 

The procedure in setting out tunnels naturally varies according 
to local conditions Short of actual experience, an adequate know- 
ledge of the methods employed can be derived only by a careful 
study of the descriptions given in the publKJrations of engineering 
societies and in the technical press 

Setting Out Viaduct Piers on a Curve. —In setting out a river via- 
duct, the location of points on the piers and abutments has generally 
to be performed several times at various stages of the work The 
first operation during construction may consist in the location of 
staging surrounding each pier, and, according to the class of founda- 
tion adopted, cofferdams, cylinders, or caissons will subsequently 
have to be aligned On completion of the foundations, the outlines 
of the piers and abutments are set out upon them, and it may at 
this stage be practicable to employ instrument stations on the piers. 
The methods will be sufficiently indicated by describing the location 
of the centre lines of the piers of a curved viaduct by observations 
from the river banks only. 

Two cases may occur . (1) The tangent points may fall on the 
banks behind the abutments, so that the whole viaduct is on the 
curve , (2) The tangent points may be situated in the river, so that 
only a part of the viaduct is on the curve. 

Case 1. — Tangent Points Accessible. — The preliminary data will 
include ■ (a) the radius of the curve ; (6) the chainage to the face of 
the first abutment ; (c) the angle of skew of that abutment re- 
latively to the tangent to the curve at the point at which the latter 
cuts the face ; (d) the angles between adjacent piers or piers and 
abutment faces, if they are not parallel , (e) the lengths of the 
square or the skew spans , (/) the dimensions of the piers an^ 
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abutments. The situation fixed for th j first abutment governs 
the position of the other lines to be located, and calculation may 
be made of the further items ; (gr) the rhainage to the centre of 
each pier and to the second abutment face ; {h) the angles of 
skew made by the centre lines of the piers and by the face of the 
second abutment with the curve These quantities may be derived 
as follows 

In Fig 293, NPQ and STU represent the parallel [centre lines 
of two piers or an abutment face and a pier situated on a curve 
of radius R 

Let Uj and Ug = the angles of skew 
made by these lines with the tangents 
at P and T respectively, 

3 = the square span PU, 

c ^ the chord length PT=the skew 
span 

Given R, s, and the chainage of P, 
it IS required to calculate Ug and the 
chainage of T 

The angle subtended at the centre O 
== the change in direction of the curve 
from P to T ^ (ag— a^), 

.■ c=2/;.sin 



But PTU 


(g^+aa 


r -- 5 cosec 


(ai+aa) 


Equating these values of r, we have 
(^2 


2R sin 


-2 2 


i e R (cos a^— cos Ug) =- s, 
whence 


Chainage of T = chainage of P+arc PT, 

7r(g2 cl-^R 


= chainage of P + 


180° 


If NPQ is not parallel to 8TU, there is no square span, and c 
IS substituted for s in the data To ug, as calculated on the assump- 
tion of parallelism, it is then necessary to apply the known angle 
between NPQ and STU. 

Setting Out — 1 0 being inaccessible, locate the tangent points A 
and B (Fig. 294) by the method of Case 3, page 331, the length 
of a transversal EF being obtained by measuring out a base line 
such as ED, observing two or all angles of the triangle EDF, and 
solving for EF. 
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2 A and B, being fouAd accessible, are to be used as instrument 
stations from which the required points can be located by simul- 
taneous observations In setting out a point on the centre line, 
such as G, the deflection angles CAG and CBG are readily computed 
from the lengths of the arcs AG and GB obtained as above 



3 The same principle applies to the setting out of points such 
as H, the angles CAH and (BH being calculated Thus, C AH = 
CAG+GAH, of which (AG is known, while triangle AGH can be 
solved for GAH, since GH will be known, AG is the chord sub- 
tending a known arc, and AGH =(a 2 — (ACjI) Any point can be 
located in this manner provided its position is specified relatively 
to some point of known chain age on the centre line 

Note — If A and K, although on shore, are unsintahle for observing fioin, 
it will be necessary to establish more convenient iristiuinent stations of 
known chainage If these aie on the curve, the above methods apply, each 
deflection angle being calculated and measured from the tangent through 
the instrument station If the stations have to be selected on the straights, 
the methods of the following case must be used 

Case 2. — Tangent Points in River. — In this case the only difference 
in the data will be that the angle of skew of the first abutment is 

measured from the first straight. In 
Fig 295, NPQ and STU represent the 
parallel centre lines of two piers or an 
abutment face and a pier, such that 
the tangent point A falls between them 
With the previous notation, being given 
5, tti, and the chainage of P and A, 
let it be required to calculate a 2 and 
the chainage of T 

Through A draw N^AQj parallel to 
NPQ ; then NjAV = ai, and the methods 
of the previous case apply to the lines 
NjAQj and STU, the perpendicular 
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distance between which is Q^U = (PU*— PQ^) = (s— PAsinaj). 
Corresponding to the previous results, we therefore have 
R (cos a^— cos ttg) = (5— PA sin aj), 
and chainage of T= chainage ci P+PA 


Setting Out 
that A and B are inaccessible 


7r(a2 — a^R 
180° 

1 Having solved triangle>CEF as before, and found 
(Fig 296), seleet two instrument 



stations, such as E and F, from which to set out simultaneous 
deflection angles The chainage of E being known, that of F is 
readily found since EA, arc AB, and BF are known 

2 (calculate the deflection angles for a centre line point such 
as G, these angles are C-EG and CFG KG being the tangent to the 
curve at G, CEG is obtained by solution of triangle EKG, since 
EKG - (180° — t), where i is the central angle subtended by arc AG, 
KG = 7^ tan and EK = (EA4-/^ tan J?-) Similarly for CFG. 

3 The value of angle (^EH required in locating H is obtained 
by solution of triangle E(JH, 111 which E(t is obtained from triangle 
EKG, GH IS known, and EGH = (a 2 — K(H^]) Similarly for CFH 
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EXAMPLES 

1 The chainagcs at the bcgiimiiig and end of a 2° curve are 320 4 34 and 
339 ^ 75 respectivelj" Pind tlie intei section or central angle 

2 If 111 the above case the intersection angle is mcicascd by 5'’ by turning 
the second tringent about the veitex, find the new rhainages of the tangent 
points of the 2' (ur\o 

3 To ascertain the radius of an existing curve, two 100 ft chords, AB and 
BC, are measuied out, and the versed sine of chord AC is found to be 4 ft 9 m 
Find the radius 

4 Show that the tangent offset at tlie end of the iVtli thoid on a D"" curve 
IS approximately givTii by jN~D ft 

5 A certain laibvav^ tuiv’C is to have a radius of 20 chains, the tangents 
mteisect at chainage 320 I 30, and the angle of deflection is 37° 50', find the 
following ipiaiitities («) tangent distances, (fj) apex distance, or flistance of 
middle point ot the cut ve from tlie nil oi sect ion, (f ) length of cuive, (r/) chainage 
of tlie beginning, end, and ajiex of the cuive (Inst 1^] , 1907 ) 

6 Some paiticulars of part of a railway suivej aie given m the annexed 
table — 


Point or 

Apex 

PadiuB 01 detfrej 

Distance from 

Ape\ 

0 

Aiiirle 

of Curve 

previous Apex 


163° 18' 

R- 1200 ft 

4872 4 

A, 

3 

165° 36' 

4° Curve 

6319 5 
3824 7 


The line starts at Aq, and all distances are in foot The distances are from 
Aq to A 1, and so on 

Vou are requiroil to find the whole length, along the centre line of the 
railway, from Ag to .4 3, and the chainage of each tan gent -point. (Univ of 
Lond ;i916 ) 

7. From a tangent AB, having a bearing of 133° 42', a left-hand curve of 
3,000 ft radius is to be set out in 100 ft. chords to join a tangent BC, the bearing 
of which is 126° 18' The chainage of the point of commencement of the curve 
is 19,638 ft Give a list of the bearings to the pegs from the initial tangent 
point, expressing them to the nearest J mm, 
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8 The bearing of tlie first tangent to a railwa;,^ curve of 40 chains radius is 
72^^ 19' What lengtli of curve is requirerl if tlie second tangent is to have a 
bearing of 88° 55' Tf the chamagc of the fiist tangent point is 236 24 chains, 
calculate the first three deflection angles to the iJearest 20", for chords of one 
chain. 

9 A curve of 30 chains radius has been pegged tint to connect two railway 
tangents having the inteisection angle I— 15° 26', and the chainage of the 
initial tangent point has been found to be 384 1 7 c hams On further examina- 
tion of the ground it is decided to alter the radius to 45 chains Calculate the 
chainage of the new initial and final tangent points, and the distance oetween 
the new and original curves at their mid-points (T D , 1928 ) 

10 The lengths and bearings of three successive couir-es m the final location 
survey for a railway are 


Line 

Tiength In chums 

Bedrini; 

yQ 

63 22 

122° 39' 

QR 

39 87 

149° 57' 

RS 

40 25 

131°2r 


Tt IS proposed to connect PQ and Ql( bv a curve of 80 chains radius, and 
QR and RS bv one of 60 cliains radius If llie chainage of the tangent point 
on PQ is found to be 642 35, find that of the otliei tangent points 

11 The ])ositions of eight cdliiinns are to be set out on a railuav station 
platform, the Lolunins to lie 40 ft a[)ait lentie to centre The centre points 
of foluiniis 1 to 5 aie to lie upon a ciKular an of 1,905 ft radius, and the 
tangent to this arc thiougli cohunii No 1 has been established The Temaiiiing 
coliimiis will he on a straight line tangential to the aic at column No 5 

Obtain to the nearest 10" the deflei tion angles n^quiied in locating the 
column-3 on the curve from a tlioodohte ])la(ed at the centre point of the first 
column 

12 Two railwav tangents hav’e been located on the ground, and the differ- 
ence between their bearings has been found to be 21 ‘ 48' The> are to be con- 
necterl bv a circular arc, and it is desired that the tangent lengths should not 
exceed 500 feet in length Calculate the degree of curve, to tlie nearest 
quarter-degree, which will be most suitable, and hiid the corresponding 
tangent lengths and the length of the c*ur\c 

13 Part of the tiaveise survey on a railway location is as follows . 


Line 

Bearing 

Length m feet 

PQ 

93° 14' 

1,967 

QR 

75° 44' 

1,608 

RS 

101° 8' 

2,710 


Tangents are laid along these linos in the course of the final location, and it 
IS decided to connect PQ and QR by a 1^ degree curve What is the maximum 
radius which can be used for the curve joining QR and RS so that there may be 
not less than 100 ft of straight on QR between the end of one curve and the 
beginning of the other (T C D , 1931 ) 

14. From a lino AB, 820 ft long, xicrjiencliculars AD and BC are laid out of 
lengths 122 ft and 264 ft. respoctivelv. A pond is to be constructed m a 
public {lark, and Will have straight sides lying along AB and DC, the ends being 
formed of circular arcs to which AB, JIC, and the end perpendiculars are 
tangential Calculate the radii of the two ends and the iierimeter of the 
pond 



366 PLANE AND GEODETIC SURVEYING 

15. A 10-chain curve AB i ans through a number of obataclea, for the clearmg 
of which pointa C and D are to be establiahed on the curve by running out 
chords AC and AD at 10° and 15“ to the first tangent. Calculate the lengths 
of the chords. 

16. In laying out a circular railway curve it ia found that the tangents 
mtersect at chainage 257 + 34 and that the deflection angle is 27° Find the 
radius of the curve which will pass through a point 40 ft from the intersection 
and equally distant from the tangents, and write down the chainage at the 
beginning of the curve (Tnst C E , 1906 ) 

17 The internal angle ABC between two tangents is 120°, and they are to 
bo connected by a circular curve Owing to the presence of buildings it is 
found necessary that the curve should pass through a point D, the length of 
the perpendicular DE on to the tangent AB being 24 ft , the distance BE 
being 500 ft Find the radius and tangent distance of a suitable curve If 
the chainage at the intersection pomt is 150 chains 20 links, find the chainage 
at the end of the curve (K T C , 1913 ) 

18 In the course of a railway survey the following bearings were observed 
AB, 77° 18' ; BC, 92° 54' , and CD, 105° 12' BC is 12 08 chains long AB 
and CD are to bo connected oy a circular arc, right-handed from AB, which is 
required to pass through a point E on BC situated at 4 90 chains from B 
Determine the required radius of curve 

19 A curve AB^ of 60 chains radius, is to be sot out by chain chorils to join 

two tangents AG and C'i?, the intersection angle of which is 19° 46' The 
chainage of the initial tangent point A is found to be 521 28 chains The pait 
of the curve adjacent to A passes through a dense strip of wood, and will not 
be pegged out in the first instance, but a lino AD can bo laid off from the 
tangent point, making angle 3° 54'. Calculate (g) the length of AD 

BO that D may be on the curve, (ft) the chainage of D, (c) the length of curve to 
be set out from D to B (T 0 J) , 1928 ) 

20. A light railway is to be earned round the shoulder of a hill, and its centre 


line IS to bo tangent to each ot the three linos AB, BC, and CD as follows 

Lni3 

Bearlnif 

Lenirtli 

AB 

North 30° East 

— 

BC 

East 

600 ft 

CD 

South 

— 


Calculate the radius of the curve and the lengths required for setting out 
the tangent points (Univ. of Lond , 1913 ) 

21. A curve of 60 chains radius has been pegged out to connect two railway 
tangents, the difference between the bearings of which is 18° O'. It is found 
necessary to alter the alignment by introducing a straight length of 6 chains 
midway between the existing tangents and connecting it to them by two 
arcs of equal radius If the original tangent points are to remain in the same 
position, compute the radius of the required curves and the maximum distance 
between the original and amended centre lines. 

22. AC and BC are tw’o railway straights which are to be connected by a 
2° curve The intersection pomt C is found to be inaccessible, and a line AB 
IS run out between convenient points on the straights. The length of is 
found to be 900 feet, and the observed values of the angles BAC and ABC 
are 9° 20' and 8° 30' respectively Calculate the length of the curve and the 
positions of its tangent points relatively to A and B respectively. 

23. The intersection pomt C of two tangents AC and CB of a railway which 
is being set out is found to be inaccessible, and a traverse is run from a point 
D in AC to a pomt H m CB with the following results ■ 
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Line 

DA 

Bearing 

344° 38' 

Length 
in feet 

Latitude 

Departure. 

DE 

123° 12' 

186 

- 101 8 

+ 155 6 

EF 

159° 30' 

427 

- 400 0 

+ 149 5 

FO 

100° 48' 

144 

- 27 0 

+ 141 4 

OH 

HB 

186° 0' 
143° 34' 

251 

249 6 

- 26 2 


If the tangents are to be joined by a curve of 2,640 feet radius, calculate 
the distance of the initial tangent point from D (T C D , 1929 ) 

24 A 4° curve is to connect two straights, the bearings of which are 20° 
and 80° respectively. The intersection point is inaccessible, and from a point 
A of chainage 13,350 ft on the first straight a traverse is run to D on the 
second straight as follows 


Line 

Bearing 

length 

AB 

60° 

468 

BC 

110° 

360 

CD 

30° 

950 


Find the chainage of the first tangent point and the distance from D to 
the second (R T C., 1920 ) 

25. C IS the maccessiblo intersection point of two railway straights AC 
and C13 which are to be joined by a ciicular curve. Points D and E are 
selected in AC ami CB rcsfiectivclv, ami tlie following bearings are observed 
AD, 173° 42' , DE, 187° 24' EH, 198° 18' The distance DE is measured and 
found to be 960 feet Tf on cxarnmatioii of tlio ground it is found desirable to 
locate the initial tangent point of tho curve at 1), obtain the necessary radius 
in feet and the distance Jrom E to tho socond tangent point 

26 A light-hand curve of 60 chains radius, of which A and B are the tangent 
points, has been pegged out to connect the tangents AC and CB, the inter- 
section angle of whiih is 19° 18' It is desired to alter the alignment of the 
tangent CB to DE, D being on CB and 1 57 chains from B towards C, and angle 
CDE on tho side of CB remote from A being 177° 16'. If the original radius 
of the curve is preserved, find the distances of the new tangent points from 
A and D respectively. 

27 Fiom a given point A it is required to set out a tangent AD to an 
existing 40-chaiii curve 13 DC A straight line ABC is run to intersect the 
curve, making AB— 10 20 chains and BC— 4 32 chains Calculate the angle 
BAD and the length of arc BD. 

28. ABC is a railway line of which AB is straight and BC is a 20-chain 
curve towards the left 2 chains to the right of AB and parallel to it is a 
stiaight railway DE Find at what distance from B a 40-cham curve must 
leave BC to join DE 

29 AC and CB are tw^o railway tangents giving an intersection angle of 
12° 26'. Tliey are joined by a curve AB of 60 chains radius, the chainage of 
the initial tangent point A being 346 27. From a point D in AC situated at 
3 04 chains from A it is desired to set out a tangent DE to the curve. Calculate 
(rt) the angle CDE, (6) the chainage of E, (c) the distance from B at which DE 
produced meets BC. 

30 It is proposed to lay down a right-hand curve of 792 ft radius at a dock, 
and the initial and terminal tangent points, A and B, will occupy the positions 
given by the following total co-ordinates : 

Total Latitude Total Departure 

In feet. m feet 

+ 3,479 - 1,096 

f 2,963 - 1,208 


A 

B 
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Calculate the shortest distahco between the curve centre line and a point C 
the total co-ordinates of which are -H 3,204 ft and - 1,129 ft in latitude and 
departure respectively 

31 The initial taiifrent point gf a 40-chain railway cm ve is .situate 1 in water, 
but its chainage is found to bo 1,930 44 chains It is desiiotl to .set out the peg 
at 1,941 chains by sighting fioin station 1,934 on the .stiaight Calculate, 
to the nearest 20", tlie angle flo be set oft from tlio tangent and tlie distance to 
be measured out to locate the peg 

32 In setting out a compound cuivc of radii 20 and 40 chain.s, the inter- 
section angle of tlie aic of smallcT ladiiLs i^. found to bo 90^, and that of tlie 
otlier 60° Tlie common tangent is then (haiiied and found to have a length 
of 43 chains Kind by how much ami in what direi bion it will be necessary 
to shift this tangent parallel to itself, so that the curve may be accurately 
set out Explain how this .subsequent setting out is pei formed (R T C 
1913.) 


33 A compound cui\o is to consi.st of an aic of 30 chains followed by one 
of 40 chains lailius, and is to connect two straights which yield an inter- 
section angle / — 81" 32' At the mteisettion point the chainage, it continued 
along the first tangent, would bo 77 61, and the staiting point of the curve 
IS selected at chainage 46 14 Calculate the chainagc' at the point of junction 
of the two branche.s and at flit* end of the ciiive 

Describe briefly the .stops involved in .setting out the cuive (R T C , 1915 ) 

34 A railway .siding is to bo (urved thiough a right angle In order to 
avoid buildings the cuive is to be comfiouiid, the ladii ot the two branches 
being 8 chains and 12 chains The distance' fioni the intersection point of 
the end straights to the tangent point at which t he arc of 8 chains i ad ms leave.s 
the straight is to be 10 08 chains Obtain the second tangent length, or dis- 
tance from the intersection point to the other end of the cutv'o, and the length 
of the whole curve (T C iJ., 1927 ) 

35. A compound railway cuive AR(J is to have the laclius of tlu^ arc AB 
60 chains and that of BC^ 40 chains The in tei section point V of the end 
straights IS located, and the intei.section angle i.s observed lo be 35° 6'. If the 
arc AB is to have a length of 20 chaiius, calculate the tangent distances VA 
and VC. (T C D , 1930 ) 

36 A reverse cuiv’^e having the two blanches of common radius i.s to con- 
nect two parallel straights 30 ft apart If the tlistance between the tangent 
point on one straight and that on the other is 240 ft , find the necessary radius. 

37 The first branch ot a reverse cuive has a railius of 8 chains. Find the 
second radiue. so that the curve may connect paiallel tangents 84 links apart, 
the distance between tangent points to be 5 chains. Calculate also the lengths 
of the branch ea. 

38. Two parallel railway stiaights, 27 ft apart centre to c(*ntre, are to be 
connected by a reverse curve the radius of each branch of which will bo 10 
chains. You aie given the position of one of the tangent points Describe in 
detail how you would set out the curve either by offsets from the line joining the 
tangent points or by deflection angle.s to points J chain apart on the curve. 
Give all the nece.ssary calculations (T C.D., 1926.) 

39. A rule which is sometimes used for determining the required super- 
elevation of the outer rail on railway curves on standard gauge is that the super- 
elevation should equal the offset from the centre of a chord of length equal 
to the distance travelled in one second Compare the superelevation given by 
this rule with the theoretical value derived from mechanical principles. 
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40 Calculate (a) the super -elevation required on the outer rail of a curve 
of 3^ chains radius for a speed of 45 miles per hour, (b) the length of tran- 
sition curve necessary so that the rate of change of radial acceleration may bo 
1 ft per sec (c) the amount of shift required foi this transition 

41 A railway curve of 50 chains radius and about half a mile long is to be 
set out to connect two tangents The maximum speed on tins part of the rail- 
way will be 60 miles per liour, and transition curves are to be introduced at 
each end of the curve l^ind a suitable length for the transition cuives, and 
calculate the necessary “ shift ” of the circular arc 

Dosciibe how you would set out the first transition and locate the initial 
pegs on the circular curve (T C D , 1926 ) 

42 Explain the utility of introducing a vertical curve at the junction of 
two railway gradients 

The levels of a number of successive points 100 ft apart, as shovm on the 
longitudinal section, are . 

236 42, 235 62, 234 82, 234-02, 235 13, 236 24, 237 35 

Calculate the levels of the pegs which should be set out to define a vortical 
curve 600 ft long The curve may be either a parabolic or a circular arc. 
(T CD, 1927 ) 
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CHAPTER IX 


T AC HEOM ETHICAL HU HV EYING 

Tacheometry or, as it is otherwise termed, Tachymetry or Tele- 
metry, IS a branch of angular surveying in which both the horizontal 
and vertical positions of points are determined from the instru- 
mental observations, the labour of chaining being entirely elim- 
inated The usual instrument employed is called a Tacheometer, 
and IS nothing more than a transit theodolite adapted for distance 
measuring by the provision of special fittings 

Scope. — The fundamental object of tacheometry is the prepara- 
tion of a contoured plan For this purpose it possesses the merit 
that the field work can be executed with considerable rapidity, 
more especially in rough country where ordinary levelling is tedious 
and chaining is both slow and inaccurate This advantage has led 
to its wide adoption by engineers in location surveys for lines of 
communication, reservoirs, etc Tacheometry is, however, some- 
times applied in small surveys in which elevations are not deter- 
mined. 

Systems. — The underlying principle common to different systems 
of tacheometry is that the horizontal distance between an instru- 
ment station, A, and a point, B, as well as the elevation of B 
relatively to the instrument, can be deduced from (1) the angle at 
A subtended by a known short distance at B, and (2) the vertical 
angle from A to B The various tacheometric methods available 
employ the principle in different ways, and differ from each other 
in methods of observation and reduction, but may be classified 
under two heads . 

(a) The Stadia System, in which the necessary observations to 
the point are secured with one pointing of the telescope. 

(h) The Tangential System, in which two pointings are required 

The general conduct of the field work does not differ materially 
in the two methods, and their principles and the instruments used 
will first be considered. 

THE STADIA SYSTEM 

This is the more extensively used system of tacheometry, particu- 
larly for detailed work such as is required in location surveys. The 
principle appears to have been discovered in 1770 by James Watt, 
who constructed an instrument, and used it in Scotland in 1771. 

370 
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Principle. — Let it be supposed that ttie theodolite employed 
differs from the ordinary transit only in having the diaphragm 
fitted with two additional horizontal ha^'rs, called stadia* hairs, 
one on each side of the centre hair , The only other article of 
equipment required is a graduated staff or stadia rod, which may 
be an ordinary levelling staff, and which, is held on the points to 
be located with respect to the instrument station 

On viewing the staff through the telescope, the stadia hairs 
are seen to intercept or subtend a certain length, which will be 
greater the farther off the staff is held, and from the observed 
value of the intercept the distance to the staff station is deducible 
This constitutes the Fixed Hair Method The procedure may be 
modified in that, instead of the intercept being the variable, a 
constant length of staff between two targets may be used, provided 
the stadia hairs are adjustable so that they can be set to subtend 
it. Provision is made in this case for the measurement of the 
variable interval between the hairs, from which quantity the 
required horizontal distance is computed. This system is dis- 
tinguished as the Mozahle Hair Method The former is much the 
more widely adopted method of stadia surveying, but the latter 
can be usefully applied to surveys involving sights of greater length 
than is consistent with accurate reading of a graduated staff. 


Fixed Hair Method. Distance and Elevation Formulae. — Reduction 
formulae for the horizontal distance and elevation of a staff station 
with respect to the instrument will be deduced first for the case where 
the staff can be read with the telescope horizontal. In the general 
case, the telescope is inclined, and the data include the vertical angle 
(1) Horizontal Sights — In Pig 297, O is the optical centre of 
the object glass of an 
external focussing tele- 
scope, a, b, c represent 
the three horizontal 
hairs, and A, E, C, the 
points on the staff 
which appear cut by 
the hairs, so that ab is 
the length of the image of AB 

Let f = focal length of object glass, 

^ = stadia hair interval, ab, 
s = staff intercept, AB, 
d =- horizontal distance from O to the staff, 
d' = ,, ,, ,, to the plane of the hairs, 

c— ,, ,, ,, to the vertical axis of the 

instrument, 

D = horizontal distance from the axis to the staff. 



* The term stadia should strictly be confined to the staff or stadia rod, 
but IS loosely used in referring to the hairs, the entire instrument, and tlie 
method generally. 
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The rays AOa and BOb passing through 0 are straight lines, so 
that triangles AOB and aOb are similar, whence 

d __ s 

But d and d^ are conjugate focal distances (jjage 11), 

/ d' 

P 7 

OT d = - 774/3 on multiplying throughout hy fd 

Cl 

Substituting - for ~ ’ we have 
1 d' 

d ^ — \-f, and, on adding c to each side, 


n = ^^+(f-]c) 

I 

The intercept s is observed as the diiference of the stadia hair 

f 

readings, and, to evaluate 1), the quantities,— and (/ 1 r), must be 

i 

known for the particular instrument used The elevation of the 
staff station is obtained in this case exactly as in ordinary levelling 
by observation of the reading C of the centre hair 


Note — The leaclor mav deduce the distance foimula hinulai treatment 
With the othei easily drawn rny^, viz those passing thiough cither the mteiior 
or exteiior principal focus of tlio olijcct glass 


(2) Inclimd Sights — In this case the staff may be held either 
vertically or normal to the line of sight, the former method being 
generally pridorred. 

(a) Staff Vertical (Fig 298) — Let 6 be the angle of elevation or 
depression of the line of sight from the horizontal The inclined 



distanei' 1) from the trun- 
nion axis G to the point C 
on the staff could be ob- 
tained directly from the 
previous formula, were it 
not that the observed in- 
tercept AB IS not, as before, 
normal to OC. Let an inter- 
cept A'B' be drawn through 
C perpendicular to OC 
Since ACA'=0, and AA'C 
IS practically 90°, A'B' may 
be expressed as s cos 6 with 
negligible error, whence 


B = ^coh 0^-{f+c), 
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and, since the required horizontal distance H ^ D cos 6, 

II = — co&W-{- (f-\-c) cps 6 

i 

Let the difference of level FO between the telescope axis and 
the point C on the staff be denoted by V The value of V can be 
obtained from H tan 6 or D sin 6, so that* 

V— -^cos 0 sin 0+(/4f’) sin 
i 

or --- — i sin 20 -h(/+e) sin 6 

i 

Denoting CE, the reading of the centre hair, by h, the difference of 
level between G and E for an angle of elevation is given by 

FE - V-h, 

and, if the elevation of the trunnion axis above datum is expressed 
V H 1 , Reduced level of E = H T + F-A 

In th(' case of a depressed sight, FE= V so that 
Reduced level of E = HI— V —h 



(b) Staff Normal (Fig 299) 

In this case, 1)= — l-(/+c) , 

i 

but II = D cos O+CC' = D cos 0+ h sin 
H = — cos 0+(/+c) cos 0-\-h sin 6, 

i 

the (h sin 6) term being subtractive when 0 is a depression, since 
the staff then leans away from the instrument. 

The vertical component V = F'C = D sin 0, whence 

V = ^ sin 0+(/+c) sin 0. 
i 

For an angle of elevation, FE = V — A cos 0, and 
Reduced level of E = HJ. + F — A cos 0 
For an angle of depression, FE = F +A cos 0 and 
Reduced level of E = H.I — V—h cos0. 
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L 

Movable Hair Method. Distance and Elevation Formulee.— The 

above formulae apply in this case, but s is now the constant distance 
between the staff targets, and the variable i is measured The 
hairs are set to intercept s' by means of screws with micrometer 
heads, and their distance apart is read in terms of the pitch of the 
screws 


Let p = pitch of the screws, 

n = number of pitches between the stadia hairs, or the 
number of turns of the micrometer heads necessary 
to carry both stadia hairs from the centre hair until 
they subtend s 


Then the expression, D 


j +(/+c), becomes 


-+(/+c), 

np 

f 

which involves the two instrumental constants — and (/+c) The 

P 

remaining formulae are derived from the fundamental expression as 
before 


The Tacheometer. — Although an ordinary transit fitted with 
stadia hairs or points can be employed for tacheometry, accuracy 
and speed are promoted if the instrument is specially adapted for 
the work The telescope formerly provided in small theodolites by 
some makers is not sufficiently powerful for tacheometry The 
magnification should be at least 20 diameters, and, to obtain a 
sufficiently bright image, the effective aperture of the objective 
should not be less than 1| in For the same reason, it is inadvisable 
to employ an erecting eyepiece on account of the resulting loss of 
light It IS desirable that the objective should produce a flat and 
undistorted image, since the stadia hairs are not in the optical axis 
Two pairs of stadia hairs are sometimes fitted The interval 
between the extreme hairs corresponds to a value of fji = 50 and is 
twice that of the inner pair, for which //t = 100 To facilitate 
reading the extreme hairs, the eyepiece may be arranged to move 
up or down by means of a rack and pinion The widely spaced hairs 
are intended for the taking of short sights, but are seldom used 

Since the measurement of vertical angles constitutes an im- 
portant item of the observations, the instrument should have a 
sensitive spirit level mounted upon the vernier arm of the vertical 
circle. The vertical circle is commonly graduated in quadrants 
with the zeros horizontally opposite each other, but some surveyors 
prefer a whole circle graduation, as thereby there is no need to 
distinguish readings as elevations or depressions in booking, and 
mistakes are avoided (page 62). 

The instrument required for observations on the movable hair 
system differs from the simple tacheometer only in having a special 
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diaphragm. In the commonest form, the fixed horizontal and 
vertical hairs are stretched across the frame, and each movable 
hair is mounted upon a slide, which can be raised or lowered by a 
micrometer screw To prevent fouling, the hairs lie in slightly 
different vertical planes. The screws are provided with milled heads 
and drum scales The drums are dividtxi into 100 parts, and arc 
read against a fixed index to 01 of a division either by estimation 
or by vernier Readings are therefore made to 0 001 of the pitch of 
the screws A comb scale with teeth of the same pitch as the screw 
is provided for the purpose of exhibiting the number of complete 
pitches intercepted between the axial hair and either stadia hair. 

A transit theodolite provided with either fixed or movable 
stadia hairs and having a telescope of the quality specified above 
may be classed as a tacheometer, but the term is sometimes limited 
to instruments in which the telescope is fitted with an anallatic lens. 

•fg 

The Anallatic Lens. — The formula, D = ~+(/+^)j shows the staff 

i 

intercept to be proportional to /) — (/+c), the distance between the 
staff station and the exterior principal focus of the objective. 
The latter point therefore forms the apex of a constant visual angle 
between the sides of which the quantity s is intercepted If this 
apex w(*re situated on the vertical axis of the instrument, the term 
(/+c) would vanish, and /) would be proportional to s. This was 
accomplished by Porro by the introduction in the telescope of an 
additional convex lens, called an anallatic lens, placed between the 
eyepiece and object glass, and at a fixed distance from the latter 

The anallatic lens is generally provided in external focussing 
tacheometer telescopes by English makers While its use simplifies 
the reduction of observations, it is open to the objection that it 
increases the absorption of light in the telescope with consequent 
reduction in brilliancy of the image. It is not fitted in internal 
focussing telescopes (see page 377) 

Theory of the Anallatic Lens. — In Fig. 300, O represents the 
optical centre of the object glass, and L that of the anallatic lens, 
the rays drawn being two of those passing through the principal 
focus, Fi, of the latter The actually formed image of the staff 
intercept AB is represented by ba, and b'a' is that which would 
be produced if no anallatic lens were interposed. The effect of the 
introduction of this lens is best followed by reference to these two 
images. 

Let Z), d, f, and c = the same quantities as before (page 371), 

d' = distance from optical centre of objective to 
bV, 

di = distance from optical centre to actual image 
ba, 

e = distance between optical centres of object 
glass and anallatic lens, 
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/i ^ fockl length of anallatic lens, 
i = length bV, 

/ length ba, the actual stadia hair interval 
The equations governing t,he size and position of b' a' are, as before, 



Fui 300 


Due to refraction through the anallatic lens, the rays which 
would converge to form b'a' actually form the image ba, so that 
b'a' and ba arc conjugate, and thtir distances (d'—e) and (di—e) 
from L are connected by 

1 = _J L_ (3) 

A {d,-e) (d'-e) 

the negative sign being required since b'a' and ba are on the same 
side of L (page 11) 

The lengths of b'a' and ba are proportional to their distances 
from L, so that ^ 

■ ■■ ■ ■■ ■ 

An expression for D can now be obtained by eliminating d\ dj, 
and ^ from these equations 

From (3), (di— e)= , whence, from (4), 

(/i+« — e) 

fi 

but, from (1), d' = —^^-—, 

(d-f) 

. jtAi) 

fx 

A second expression for i follows from (1) and (2), viz. 

(■*-/) 
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Equating those two expressions for i, and solving for rf, we have 

fd 


A 


<A- 


id~f) 


(d-f) 

whence d = 








and 




Hf+fi-^) if+fi- 0’ 
f{e- A) 


+ f- 


(^) 


Now the condition that J) should be proportional to 5 requires 
that the second and third terms should vanish, so that 


fie-h 


c. 


(/+/i— 

A\hich IS secured by placing L so that 


...( 0 ) 


(/ + ^) 

Under these conditions, the apex of the tacheometne angle is situated 
at G, the centre of the trunnion axis The focal length must be 
such that e is less than /, and the values of and I must be so 

ff 

arranged that the multiplier ■ - 


say 100, so that 


Hf+fi- e) 

J) = 1005 


IS a suitable round number, 


The formulae for inclined sights on either the fixed or the movable 
hair system are similarly modified by omitting the term involving 
the second constant 

The anallatic lens is usually provided with means for adjusting 
its position in the telescope, so that, if the constant is found to 
differ from 100, the distance e may be adjusted until the desired 
value is obtained 


The Internal Focussing Telescope in Tacheometry. — Tf the instru- 
ment IS fitted with an internal focussing telescope, the distance 

formula, - — |- (/+c), is not applicable, nor can the internal lens be 


regarded as the exact equivalent of an anallatic lens The system 
consisting of the object glass and the internal lens is not of constant 
focal length, since the interval between these lenses is varied in 
focussing, whereas an anallatic lens is placed at a constant distance 
from the object glass. Investigations of the distance formula for the 
internal focussing telescope are given by Louis and Gaunt* and by 
Henrici.| 

The variation of focal length of the objective system is very small 


* Tacheometer Tables London, 1919, 

t “ The Use of Telescopes with Internal Focussing for Stadia Surveying ” 
Trans OpHcal Society ^ Vol XXII 
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for sights of more than/ say, 100 ft , and practically it is sufficient 
to adopt the same basic reduction formula, D ^Cs~{~C^, as in the 
case of the externally foo jssed telescope The multiplier U is a con- 
stant, usually 100, but Cj* although practically constant for long 
sights, is not so far all distances, and may be regarded as a correc- 
tion term which neutralises the effect of the varying focal length 
Its value is usually only a few inches, and it is often disregarded. 

It is impossible to proportion a focussing lens to serve as an 
anallatic lens, but several designs have been evolved with the 
object of reducing to negligible limits the variations in the mag- 
nitude and position of the tacheometric angle In that patented by 
Messrs Zeiss in 1910, the internal lens, when focussed for very 
distant objects, is placed about midway between the plane of the 
stadia hairs and the image projected by the object glass of the point 
in which the apex of the tacheometric angle then lies When 
focussed for very near objects, the internal lens, if negative, is moved 
half-way at most towards the reticule This scheme places the 
apex of the tacheometric angle in a practically constant position 
at the instrument axis Alternatively, if the internal lens is placed 
about midway between the object glass and the plane of the hairs 
when the telescope is focussed for very distant objects, the apex is 
situated in the object glass The additive term is then the con- 
stant c In both arrangements the tacheometric angle is practically 
constant for all sights over, say, 20 ft in length 

Messrs J S Wilson and E W Taylor, of Messrs Cooke, Trough - 
ton and Simms, patented in 1925 a design in which the focal length 
of the internal lens is equal in magnitude, but opposite in sign, to 
that of the object glass, the distance between the centre of the 
object glass and the plane of the stadia hairs being 1-11 to 1-12 
times the common focal length. If the horizontal axis of the tele- 
scope intersects the optical axis midway between the objective and 
reticule, the design secures that distances derived as a constant 
times the staff intercept represent distances from the instrument 
axis within 1 part in 1,000 for sights of from 20 to 600 ft. The tele- 
scope IS therefore for practical purposes anallatic Messrs A. and 
E W Taylor have produced an internally focussed telescope which 
IS perfectly anallatic, but three lenses are introduced between the 
objective and diaphragm, so that a larger aperture is required to 
compensate for the loss of illumination 

Instrumental Fittings to Simplify Reductions.— Whether the tele- 
scojie of a tacheometer is, or is not, anallatic, a good deal of labour 
iq involved in the determination of the horizontal and vertical 
distances. Certain instruments and attachments are available in 
which fittings are provided for the purpose of facilitating the re- 
duction of observations. These include the Beaman Stadia Arc, the 
Stanley Compensating Diaphragm, and the Jeffcott Direct-Reading 
Tacheometer. 
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The Beaman Stadia Arc— The reductions would be simplified if 
the only values of 0 used were those for which either cos® 6 or 
i sin 20 is a convenient figure The fonder varies too slowly for 
the small angles usually required, but aiist of values of 6 for which 
I sin 26 = -01, -02, etc , can be prepared as follows 


i Sin 20 

0 to nearcHt Heoond ' 

1 Sin 20 

6 to neareHt sernnd 



/ 

tr 


0 


// 

01 

0 

34 

23 

06 

3 

26 

46 

•02 

1 

8 

46 

07 

4 

1 

26 

0.S 

1 

43 

12 

, 08 

4 

36 

12 

■04 

2 

17 

39 

09 

5 

11 

6 

05 

2 

52 

11 

10 

5 

46 

7 




1 

1 etc. 


etc 



If these particular angles were used, the vertical component F, for 
a multiplying constant of 100 and no additive constant, would be 
lS, 25, 35, etc 


The idea is applied in the Beaman Stadia Arc, which has been 
used to a considerable extent in tacheometers and plane table 
alidades, and has increased in popularity in recent years It is 
fixed to the vertical circle, and consists of a scale engraved with the 
above angles on either side of zero up to about 26° 33' 54", for which 
i sin 26 -- '40 The scale is figured in terms of 100 X i sin 20, and is 
read against a fixed index mark To avoid possible confusion 
between elevations and depressions, the zero is commonly marked 
50, so that 50 must be subtracted from every reading No fitting 
IS required to enable fractjonal parts of the scale to be read, since 
for every sight a graduation of the scale is to be brought opposite 
the index by means of the vertical circle tangent screw 

Let it be supposed that a staff is sighted with an instrument 
having the tacheometne constant 100 and the stadia arc zero 50, 
and that the tangent screw is adjusted to bring a graduation of 
the stadia arc, say 36, exactly opposite the index I^et the observed 
axial hair reading be 6-10, and the staff intercept 4*95 
The stadia arc reading = 36 — 50 — 14 

The vertical component = — 14x4-95 = —69-3 ft, 
and the staff point is below the trunnion axis by 69-3 + 6 1 = 75-4 ft 
To facilitate the calculation of horizontal distances, the stadia 


arc also carries a scale of percentage reductions to be applied to the 
fs 

distance readings, ^ In the above example, the distance scale will 


read 2-0, so that 


the horizontal distance = 495 — 2 X 4-95 =485 ft 


The Stanley Compensating Diaphragm. — This diaphragm is 
designed to enable the horizontal component of a sloping sight to 
be read directly. Platinum stadia pointers are mounted in such a 
way that the interval between them can bo adjusted by turning a 
micrometer head carrying a scale of vertical angles. The observer, 
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having read the inclination of the line of sight on the vertical circle, 
sets the micrometer head to that angle, and obtains the horizontal 
distance as 100 times thw staff intercept The diaphragm is made in 
two patterns, for vertical and normal staff holding respectively 

The Jeffcott Direct-Heading Tacheometer. — This instrument 
(Fig 301) invented by Dr H If Jeffcott* enables the horizontal 



/ Lower Clamp 

2 Lower Tangent Screw 

3 Upper Clamp 

4 Upper Tangent Screw 

5 Coarse l/ernier 

6 Ti chromatic Doublet 

7 Fine l/ernter 

Fia 


<5 Telescope Clamp 

9 TeLp'icope Tangent Screw 

10 Cam Housing 

// Cam Control Leuel 

12 Slow Motion Screw for Do 

13 Focussing Screw 

14 Egeptece Slide 


301 . — Jeffcott Direct-Reading Tacheometer. 


and vertical components to be read directly without the necessity 
for measuring the vertical angle The diaphragm carries a fixed 
platinum iridium needle point and two movable points, for distance 
and height respectively The latter arc mounted at the ends of 

* H H Jeffuott, “ A Direct -Reading Tacheorneter. ” Trans, Inst C.E of 
Ireland, Vol. XLI. 
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levers which are actuated by cams opcraled by the tilting of the 
telescope, so that the setting of the pointers is automatic. The 
proportions are such that 100, or in an alternative pattern 200, 
times the staff intercept between the fixed pointer and the movable 
right-hand, or distance, pointer is the required horizontal distance, 
and 10 times the intercept between the fixed pointer and the left- 
hand, or height, pointer gives the vertical component The range 
of operation of the cams is 30° elevation or depression 

To take a reading, the axial needle 
should preferably be set at a whole 
foot graduation of the staff In the 
observation illustrated in Fig 302, the 
readings are 4-13, 5-00, and 6 49, so 
that the horizontal distance is 149 ft , 
and the vertical component is + 8-7 ft , 
the height pointer moving upwards 
from the fixed pointer for angles of 
elevation, and downwards for angles of 
depression When the vertical angle 
exceeds about 8°, the height pointer is 
not seen simultaneously with the others, Kj(j 302 

and the eyepiece, which is mounted on 

a slide, IS moved up or down until the height reading is obtained 

In addition to confining the reduction work to the computation 
of the reduced levels, the instrument economises time in reading and 
booking through the elimination of vertical circle readings The 
standard instrument has no vertical circle, but a circle can be fitted 
if desired. Useful accessory features include the placing of a hori- 
zontal circle vernier, reading to 1 min , at about 30° to the left of 
the line of sight, the opposite vernier reading to 20 sec A reading 
of the coarse vernier alone is sufficient in tacheometry, and, as it is 
observed through an achromatic doublet (jiage 64), bearings are 
read without the surveyor’s having to move from the telescope 

Particulars of the adjustment of the instrument arc published 
by the makers, Messrs Cooke, Troughton and Simms, Ltd 

The Stadia Rod. — An ordinary levelling staff may be used, but 
the graduation of some patterns is not sufficiently bold for tacheo- 
metry, as sights are frequently of much greater length than is usual 
in ordinary levelling Fig 303 illustrates graduations typical of the 
many patterns which have been proposed The rod has a length of 
from 12 to 15 ft , and is either telescopic, hinged, or in separate 
pieces fitting together as in the Scotch levelling staff Lightness is 
a desideratum, and rigidity may be secured by means of a stiffening 
inccc screwed to the back or by side strips projecting a little beyond 
the graduated face. 

For movable hair observations, diamond-shajied or circular vanes 
may be attached to the back of an ordinary staff . for moderate 
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lengths of sights*, patten.s painted on the staff itself are sufficient. 
A centre vane or mark should always be provided at a known 
distance from the foot of the staff. It is useful to have two intercept 
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Fig 303 — Stadia Rod Gbaduations 


distances of, say, 5 ft and 10 ft , distinguished by different patterns 
of targets, th(' smaller being used for short sights In this way the 
alteration of the hairs necessary to suit widely different lengths of 
sights IS reduced 

Jf the staff IS to be held vertically, it is desirable that some 
appliance should be provided to enable the holder to see if he is 

maintaining it in the vertical position 
One method is to attach a pendulum 
plumb-bob to the back, such that 
when the staff is vertical the point 
of the plummet lies in the centre of 
a projecting ring fixed to the staff 
A neater method is to fit a small 
circular spirit level, which may be 
hinged to fold up (Fig. 304) For 
normal holding, a staff director is 
usually attached to the rod A common 
form consists of a tube fitted with 
cross wires which provide a line of 
sight at right angles to the staff The 
latter is inclined until the telescope 
of the theodolite appears bisected by 
the wires. The tube may be fitted with lenses forming a small 
telescope to assist the staff man in setting the rod for long sights. 
If, however, in these circumstances he can sight the upper part of 
the instrument roughly, the error of inclination of the staff will 
be negligible, so that the use of a telescopic director is a needless 
refinement Strictly, the director should be attached to the rod 



Fio. 304. — Staff Plumbing 
Levjcl 
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at the reading of the centre hair, but it is^ sufficient to place it at 
a convenient height for the staffman 

Instrumental Constants. — Taking first tnc case of the external 
focussing telescope without an anallatic lens, the expression, 

fg 

— -|-(/+c), and its modifications involve the two constants, fji, and 
% 

(/+c), the values of which must be known for the instrument used 
The actual distance, 2 , between the stadia hairs is not required, since 
the ratio //2 can be obtained without direct measurement of % 

The constant / \% is by far the more important of the two, since it 
IS a multiplier It is usually arranged by the maker to be 100, but 
its actual value should be determined as carefully as possible 
The (f-\-c) term is not strictly a constant, since the distance c will 
vary a little for different lengths of sight owing to movement of 
the objective in focussing This variation will, however, seldom 
exceed a small fraction of an inch, since very short sights are com- 
paratively rare, and it is quite allowable to regard c as constant. 
The value of (/+r) varies from less than 1 ft to nearly 2 ft , accord- 
ing to the size of the teleseojie 

To determine the values of the constants, a base line of about 
the^ same length as the longest sight to be used in the survey is 
measured on fairly level ground with a steel tape Pegs are driven 
along it at intervals of, sa} , 200 ft The instrument is set at one 
terminal, and readings are taken vith the rod held at the various 
distances The fact that there are two constants to be determined 
suggests the use of pairs of simultaneous equations Thus, if 
7)^, i> 2 , c'tc represent distances from the instrument, and 8^, s^, 
etc , the corresponding staff intercepts, then 

-+(/+o, 

i 

■£>2 = — * ^). ptc 

I 

If horizontal sights are impracticable, the corresponding formula 
for inclined sights will be applied The equations are solved in 
pairs for //2 and (/4 c), and the average values arc adopted 

A simpler, and rather better, method is to determine (f-\-c) by 
direct measurement on the instrument. The length / is measured 
between the centre of the object glass and the plane of the cross 
hairs when the telescope is focussed on a remote object c is best 
measured with the telescope focussed for an average length of sight. 
The results of the observations of the several measured lengths are 
now employed for the determination of an average value of f/i. 
The reduction is somewhat simplified if the instrument is placed 
at a distance (f+c) beyond the end of the base line 

The accompanying table shows a typical set of readings with 
level sights. The constants are worked out for the half -intervals 
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between the axial hair a'iid the stadia hairs, as well as for the whole 
interval Although it can be shown that distances derived from 
half -interval observatiors are not strictly correct in the case of 
highly inclined sights, the^e subsidiary constants are used in the 
reduction of observations in which the whole stadia interval cannot 
be used, as (a) when ai^ obstacle intervenes in the line of sight of 
one of the stadia hairs, {h) when a very long sight is taken so that 


R T C 5 111 Transit No 3 (/"+ c) - ] 4 ft 
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both stadia hairs do not cut the staff If the stadia hairs are equi- 
distant from the middle hair, these constants will each have a 
value of twice that for the whole interval, but, since the intervals 
may not be exactly equal, the constants should be evaluated If 
they differ sensibly, care must be exercised in observing with a half- 
interval to avoid confusing between the two constants in the 
direct and reversed jiositions of the telescope. 

An important source of error in the determination of the value 
of flij and one which affects all stadia work, is that caused by the 
difference in the effect of atmospheric refraction on the two sight 
lines through the stadia hairs Near the surface of the ground 
the density of the strata of air may vary rapidly at different dis- 
tances from the ground, the nature and extent of the variation 
depending upon the relative temperature of the atmosphere and 
the ground. The effect is most marked during the midday hours 
in summer The density then decreases downwards, and a ray of 
light situated at less than about 4 ft from the ground is convex 
towards the earth. Professor L S ISmith, of the University of 
Wisconsin, has shown that the effect on the lower sight line is much 
greater than that on the upper, and that readings taken at the time 
of maximum change of refraction give too small staff intercepts, 
but that the effect is negligible when the lower ray is 3 to 4 ft. 
above the ground In consequence, the value of the constant, 
deduced from observations taken during the midday hours is likely 
to be too great for the reduction of sights taken in the morning 
or evening, when the variation in atmospheric density is very 
small ; and similarly a constant measured in the morning or 
evening is too small for observations in the middle of the day. 
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To determine that value of the constant f/i by which observa- 
tions taken at any time of day may be reduced with sufficient 
accuracy, several observations of the base lengths should be made 
at different hours of the day Furthermore, the conditions under 
which the constant is measured should be as nearly as possible those 
obtaining in the survey, particularly as r^^gards weather and the 
nature of the ground over which the base line is laid out 

The same general methods and precautions are applicable to 
the determination of the constants for a movable hair instrument. 
In this case, the multiplier constant f/p is usually arranged by the 
maker to have a value of 1,000 It is not unusual to find that 
the micrometer readings are not exactly zero when the stadia hairs 
are brought to the axial hair The amount of index error, e, to be 
applied as a correction to the sum of both micrometer readings 
may be deduced from the observation f)f the measured distances 


by expressing each in the form, I) — \- (/+ c) The index 

error for each stadia hair may be similarly obtained from the 
same expressions for L), if s is the half intercept, and n and e are 
respectively the reading and index error of one of the micrometers. 

For the evaluation of the single constant of an anallatic telescope, 
observations are taken over several measured distances with the 


same precautions as before In the case of the internal focussing 
telescope, the aim should be to obtain values of the multiplier and 
the additive t(‘rm which will suit for the determination of other 


than short distances These are deduced by solving simultaneous 
equations corresponding to a series of sights ranging from, say, 200 
to 800 ft If the values so derived are used as constants, the errors 


introduced at measured distances of 20 to 100 ft can then be deter- 


mined, and, if appreciable, they may be eliminated by making the 
additive term a variable for short sights In the case of telescopes 
designed to be virtually anallatic (page 378), it is practically 
impossible to detect any departure from the anallatic condition, 
since, with a constant multiplier, the additive term may never exceed 
an inch. 


Value of Constant.-— Although the constant C in the general 
formula, Z)= Cs-[-C^, is designed to be a round number, it is a 
difficult matter for the surveyor to space the hairs exactly at the 
required interval after a breakage CJhange of conditions further 
increases the likelihood that the value of the constant may be found 
other than was intended 

Since the reductions are considerably simplified if C is exactly 100, 
instruments have been fitted with means for adjusting the stadia 
interval so that the hairs may be set to yield this value of the 
constant. Experience has shown, however, that there is greater 
possibility of error with adjustable hairs, by their accidental dis- 
turbance, and that better results are obtained with permanently 
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fixed hairs. In the case of the anallatic telescope, the constant is 
adjusted by motion of the anaUatic lens, and the adjusting screw 
must be adequately protected against accidental movement 

When the constant of a non-ad justable instrument is found to 
differ from 100, and the difference is too great to permit the 
assumption of a value of 100, two methods are employed to lessen 
the arithmetical work of reduction : (1) the use of a table of 
reduction ; (2) the use of a stadia rod specially graduated to 
suit the instrument. 

(1) The first method is the more satisfactory The table required 
is one showing the values of Cs for various values of s, and can be 
prepared in a few minutes It is sufficient to tabulate Cs for values 
of s increasing by 0*1 ft. Intermediate values are obtained with 
sufficient accuracy by taking each unit in the second decimal place 
of intercept as equivalent to 1 ft of distance, since the constant 
will have a value in the neighbourhood of 100 Otherwise, a sub- 
sidiary table can be prepared for 5 = 01, -02, etc , ft The tabulated 
distances fall to be increased by unless an anallatic telescope 
is used. This term is commonly included in drawing up the table, 
but, unless for normal staff holding, the tabulation of Cs only is 
preferable on the whole. 

(2) The second method consists in graduating the rod so that 
when the observed intercepts are multiplied by 100 the correct 
values of Cs are obtained This method has the serious objection 
that, since the rod is not graduated in feet, the determination of 
elevations involves additional calculation. It is also undesirable 
in that the same rod must always be used with the same instrument 
and that a change in the value of the stadia interval necessitates 
repainting of the rod 

In the case of the movable hair instrument, it is equally desirable 
to have the value of the constant G = //p a round number. Since in 
this case 5 is a constant, the quantity Cs should be made a round 
number, and this is easily effected by adopting a suitable value for s 
Thus, if C is found to have the value, 1,019, the targets should be 
fixed on the staff at a distance of 9-813 ft. apart Then, for level 

sights, D = — \-Cij and the reductions may be performed with 

n 

the aid of a table of reciprocals. There is not the same objection 
to making the rod suit the instrument in movable hair tacheometry 
as in the fixed hair system, since the middle target from which 
elevations are obtained is placed at a known distance from the 
foot of the staff. 

Observing with the Tacheometer. — In sighting the stadia rod, the 
pointing may be made to any part of the graduation. Readings 
are estimated to -01 ft. When the instrument constant has a value 
of 100, it is usual to dispense with the booking of the individual 
stadia hair readings and to read the staff in terms of Cs, or 100 
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times the actual intercept. The mental slibtraction of the lower 
reading from the upper is facilitated by setting one of the hairs to 
a whole foot graduation. The reading of the axial hair must, 
however, be noted. The reduction is somewhat simplified if this 
hair is directed to the point on the rod corresponding to the height 
of the instrument axis above the ground. iThis will not be possible 
when the lower part of the rod is hidden, and should not be done 
if it brings the lower stadia reading near the ground. When the 
method is employed in conjunction with that of reading the inter- 
cept in terms of CSy the latter is first observed with one of the stadia 
hairs at that whole foot graduation which brings the axial hair 
approximately to the instrument height. Thereafter, the axial 
hair is brought exactly to the instrument height graduation, and 
the vertical angle is noted A small error is introduced by the 
circumstance that this angle differs slightly from that at which the 
intercept was read, but its effect is negligible except when locating 
station points by highly inclined sights. 

When intervening obstacles to sighting prevent the three hairs 
being brought simultaneously upon the staff, the intercept between 
the axial hair and one of the stadia hairs is observed, and the appro- 
priate constant is used If the constants for the half -intervals are 
unknown, the telescope is then tilted to enable the intercept be- 
tween the axial hair and the other stadia hair to be read, the mean 
of the two vertical angles being used in the reduction. 

In observing with the movable hair instrument, the centre 
target is first bisected with the axial hair. The micrometer milled 
heads are then simultaneously turned to move the stadia hairs 
from the positions they happen to occupy until they bisect the 
other targets To read the distance of each hair from the centre, 
the number of complete pitches is counted on the comb scale by 
reckoning from bottom to bottom of the notches. The fractional 
parts are given on the drums, and the sum of the two complete 
readings is the quantity n. 

Relative Merits of Vertical and Normal Rod Holding.— The vertical 
system proves the more convenient on the whole, and is generally 
preferred. Normal staffing is, however, sometimes adopted, and 
a comparison may be drawn between the two systems. 

Ease of Reduction of Observations . — The distance and elevation 
formulae are somewhat simpler for vertical than for normal holding, 
and published reduction tables and diagrams are based on the 
former. Practically, there is little difference in this respect since, 
except in the case of large values of 0, it is usually allowable in 
the normal system to assume h sin 6=0 and h cos 0= h. 

Facility of Holding . — Provided the rod is fitted with a spirit 
level, the vertical direction is more easily determined and main- 
tained than the normal. Normal holding by the use of a staff 
director necessitates the rodman sighting the instrument, and this 
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is at times impracticable in rough country, but the method has 
the advantage, particularly evident in high wind, that the rod 
can be swung as in ordinary levelling 

Effect of Careless Holdmtj — Errors of distance and elevation 
caused by deviation of the staff from its intended vertical or normal 
position are very much more serious with vertical than with normal 
holding This would prove an important objection to vertical 
staffing, were it not that the errors are easily kept v ithin allowable 
limits by the use of a spirit level or plummet 

Accuracy of Measurements by Stadia. — The principal sources of 
error in stadia observations fall into three classes (1) Errors in 
reading the staff intercept , (2) Errors of instrument and value of 
the constant ; (3) Errors due to natural causes 

(1) Since the actual interceiit is multiplied by a constant of 

about 100, an uncertainty of 01 ft in the reading produces an 
uncertainty of I ft of distance In estimating the reading of each 
hair to the nearest 01 ft , the greatest error which would occur 
under perfect conditions of sighting is dL 005 ft , and the average 
error t -0025 ft The average error in the estimated value of the 
intercept is therefore ± 0025^+ 0025^ = ± ’0035 ft , corre- 

sponding to d:: 35 ft of distance Practically, sucli a good estimate 
of the intercept cannot be expected Accuracy of reading depends 
greatly upon the length of sight, definition and magnifying power 
of the telescope*, fineness of the hairs, elimination of parallax, 
clearness of the atmosphere, graduation of the rod, steadiness of 
holding and accuracy of the vertical or normal position of the rod, 
and the observer’s personal factor If the resulting uncertainty is 
expressed as a ratio of the distance, its value will be compara- 
tively great for very short sights and also for distances beyond 
the range of clear sighting for the particular instrument used. 
The length of sight giving minimum value of the proportional error 
will generally he between 400 ft and 700 ft , depending upon the 
quality of the instrument 

In observations with the movable hair instrument on a staff with 
prominent targets, errors of sighting are reduced at long distances , 
but up to about 800 ft. the results arc likely to be somewhat inferior 
to those obtained from fixed hair observations 

(2) The accuracy with which distances and elevations are 
measured is dependent upon the adjustment of the altitude level 
and the elimination or determination of index error, as well as 
upon the accuracy of reading of the vertical circle The effect 
of such errors as are likely to occur in the vertical angle measure- 
ment IS relatively unimportant in distance determinations. Errors 
of levelling, however, may have serious effects on the elevations, 
and attention must be paid not only to the adjustment of the 
altitude level but also to maintaining the bubble central during 
observations. 
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Distance and elevation are affected by using an incorrect value 
for the constant, and the resulting errors can be kept within reason- 
able limits only by determining the constant from time to time 
under the same conditions as obtain on the survey Appreciable 
error may be introduced by alteration in the value of the constant 
through change of conditions 

(3) The chief natural sources of error are wind and the effect 
of the difference of atmospheric refraction on the two stadia lines 
of sight In high wind the rod cannot be held steady and plumb, 
and good reading is impossible To avoid the second error, the 
lower sight line should not be made to pass within 3 ft of the 
ground for any considerable portion of its length This precaution 
becomes specially important during the midday hours In conse- 
quence of the disturbed state of the lowest strata of air, it is not 
unusual for distances to be determined more accurately in moder- 
ately rough country than over very flat ground 

Experience shows that the error in distance from a single obser- 
vation should not, on an average, exceed about 1 in 500 for moderate 
lengths of sights, and that the error of elevation need not exceed 
about -3 ft for moderate inclinations Since many of the errors 
to which the observations are subject are of a compensating nature, 
the closing error of a stadia traverse is proportional rather to the 
square root of the distance than to the distance The closing error 
in traversing by stadia is usually less than -lOv/D ft , where D is 
the length of traverse in feet The closing error of elevation in 
circuits between bench marks depends greatly upon the roughness 
of the country, but on average ground can be kept well within 
-01 v/D ft 


THE TANGENTIAL SYSTEM 

Distances and elevations may be deduced from staff readings 
taken by a theodolite A\ithout any additional fittings whatever. 
Fig 305 shows the simplest 
case, that in which the ground 
IS sufficiently level that the 
staff may be read with a 
horizontal line of sight The 
reading at B is observed with 
the telescope levelled, and 
that at A by means of a sight 
inclined at 6 to the horizontal Denoting the difference of the 

readings by ..then h = s cot B 

The elevation of E is derived from the reading B as in ordinary 
levelling 

When the ground will not permit of a horizontal sight, two vertical 



m 3l'5. 
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angles, 6 and (Fig. 3(W), must be measured. For long sights the 



Fig 306. 


observations may be taken to 
prominent targets or marks on 
the staff at a known distance s 
apart. Otherwise a stadia rod 
is used, the two graduations 
observed being preferably an 
exact number of feet apart 
If 9 is observed to the 
upper, and (f) to the lower 
point on the staff, the reduc- 


tion formulae are as follows : 


Since AF = H tan 9, and BF = H tan <!>, 
(AF — BF) = s = H (tan 9~-ta,n <^), 


whence II — ^ —, for angles of elevation, 

(tan d— tan ^ 

and H = : , for angles of depression. 

(tan (/•-tan 9) ^ ^ 

Knowing H I , the elevation of the axis of the instrument above 
datum, the elevation of E is given by 

Reduced level of E = H I +FB— EB, 

= H.I -\-H tan (^— EB, for angles of eleva- 
tion, 

and= HI ~H tan EB, for angles of de- 
pression. 
s 

The evaluation of is somewhat laborious as, since 

(tan tan (p) 

two angles are involved, a table of the values of (tan tan (f)) 
would be cumbersome. The reduction is simplified by adopting a 
length of 10 ft for 5 and using a table of reciprocals. Various 
other suggestions have been made for lessening the labour of 
reduction, and a number of modifications of the theodolite have 
been devised so that part, at least, of the work may be performed 
mechanically. 


Use of Particular Values of 9 and — If the inclined sights are 
taken to two targets on the staff, there is no choice as to the values 
of 9 and but if the staff is fully graduated, particular angles 
may be set on the vertical circle, and the variable s obtained from 
the staff readings Reduction is facilitated by using only those 
angles the natural tangents of which are -01 , -02, *03, etc. If two 
consecutive angles from a list of these are employed for an observa- 
tion, (tan 0— tan (j)) is always -01, so that 

H= 100 5, 

and the quantity, H tan </>, required in the calculation of the levels, 
amounts to 5, 25, 35, etc., according to the angle ^ used. The 
method therefore enables reductions to be performed mentally. 



TACHEOMETRICAL SURVEYING 391 

By reference to a table of log tangents, a^ist of the required angles 
may be prepared as follows ■ 


Tangent. 

Angle to nearest second. I 

Tangent. 

Angle to nearest second. 


0 

/ 



o 

• 

•* 

■01 

0 

34 

23 

06 

3 

26 

1 

02 

1 

8 

45 

07 

4 

0 

16 

■03 

1 

43 

6 

•08 

4 

34 

26 

04 

2 

17 

20 

09 

5 

8 

34 

05 

2 

51 

45 

! -10 

5 

42 

38 





etc. 


etc 



The difficulty of setting off these angles with sufficient accuracy 
by vernier explains why this system has not been applied in practice 
to any great extent The method is a feasible one with micrometer 
reading of the vertical circle It is, however, possible to have the 
vertical circle fitted with a special scale the graduations of which 
are placed at the above angles on cither side of zero, while the 
figures represent 100 times their tangents. 

The Omnimeter. — Eckhold’s Omnimeter (Fig 307) was the 
earliest of the special instruments for tangential tacheometry, but 
it is now little used, and is mainly of historical interest. 



It consists of a transit theodolite fitted with (1) a powerful 
compound microscope permanently fixed with its axis accurately 
at right angles to the optical axis of the telescope and passing 
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through the horizontal' axis, (2) a graduated scale placed upon 
the vernier plate, the reading of this scale being performed by 
means of the microscope As usually arranged, the scale is 4 in 
long, and is divided into' 200 parts For the purpose of measuring 
fractional parts of these divisions, the scale can be given a small 
longitudinal motion by a micrometer screw of 1/50 in pitch, so 
that the graduation corresponding to the approximate reading may 
be brought into the line of sight of the microscope Fractional 
parts are given on the micrometer head to 1 /500th of a scale division. 
The zero of the scale is in the middle of its length, and should be 
the point sighted by the microscope when the telescope is hori- 
zontal As before, an observation consists in making pointings to 
two graduations or targets on the staff, preterably 10 ft apart, 
but, in place of reading 0 and 0, the corres])onding i-eadmgs of the 
scale are noted For convenience in reading, the microscope should 

be fitted with a prismatic 
reflector in the later forms 
of the omnimeter the eyepiece 
of the microscope is alongside 
that of the telescope 

Reduction -In Fig 308, O 
represemts the horizontal axis, 
and 8 the scale, of which the 
length and distance from 0 
are greatly exaggerated Oa 
and Ob are the lines of sight 
of the microscope normal to 
OA and OB, those of the tele- 
scope The zero of the scale is 
at f vertically below O 



Let Tij, Tig -= scale readings at b and a respectively, 
d = length of one scale division, 

Of 

c = constant of the instrument = — 

d 


Since the triangles of OABF are similar to those of Oabf, 

AB ab ^ 

— = — , so that 
OF Of 


H- 


Of X.S 


C.S 


d{n^ Til) (^^2 ^i) 

For the vertical BF, required in computing the elevation of E, 
we have bjt bf 

OF^Of’ 


so that BF = 


n^dH 


n^H 

c 


5Tli 

(Tig Tlj) 


Of 
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The instrument is designed to have c i9 round number, but the 
value of the constant should be determined by repeated observa- 
tions of measured distances. 

The Bell- Elliot Tangent- Reading Tacheometer is an improved 
form of omnimeter in which the scale is graduated to read directly 
the natural tangents of the two vertical angles 


The Gradienter. — If the tangent screw actuating the vertical 
circle of a theodolite is provided with a micrometer head for the 
measurement of parts of a revolution and a scale for counting the 
whole turns, the fitting is called a Gradienter It is principally 
used in setting out gradients, but is also employed in tacheometry. 
The pitch of the screw must be accurate, and is commonly such 
that a line of sight originally horizontal is moved through tan“^ -01 
by one revolution, so that the horizontal hair is shifted 1 ft on a 
vertical staff at a distance of 100 ft In some instruments this 
angular motion is produced by two revolutions of the screw, but 
in either case the smallest division on the drum corresponds to 
■01 ft on a staff 100 ft distant 

In the case where a horizontal sight can be taken, the staff is 
first read with the telescope level The screw is then given one turn 
(or two turns in the case of the finer pitch), and the staff is again 
read Then H - 100 s. 


where .s is the difference of the readings 

Eor inclined sights, the staff may be held vertically or normal 
to one of the lines of sight The former is the usual method The 
formulsD derived below for that case may easily be modified for 
normal holding In making an observation with the staff station 


higher than the instru- 
ment (Fig 309), the tele- 
scope IS first din'cted 
towards a low point B 
on the staff, and the 
vertical angle 6 is read 
The line of sight is then 
moved through tan“^ '01 
by the gradienter screw, 
and the intercept AB = s 
is noted Alternatively, 
if A and B are fixed 



Fig. 309 


targets, the number of turns, n, necessary to move the line of sight 
from one target to the other, is read on the drum 

To obtain the general formulae, let the pitch of the screw be such 
that one revolution moves the line of sight from the horizontal 
through c ft on a vertical staff 100 ft. distant, and, in the case of 
Fig 309, let n turns of the gradienter move the line of sight from 


B to A through a = tan ^ 


71C 

1 ^’ 
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Draw A'B perpendicuiar to OB 

Then OB. 12®^, 

nc 

but, from triangle A'AB, 

^ s C08j^+a) _ ^ 


= 5(cof; 6 — sin d tan a) = 5(cos 8 — sin 8) ; 


OB= .s 


100 cos 8 


“sin 8 ), 


and H = OB cos 8 = s\ 


100 cos2 8 


— i sin 28 V 


The vertical component, BF, of the sloping distance 


OB sin 8 = 


100 cos 8 sin 8 


100 sin 28 


When ^ is a depression, the above formulae apply provided B is 
the higher of the two points on the staff If, however, 8 is measured 
to the lower point, the okscrved angle must be decreased by 

tan~i— for insertion in the formulae. 

100 


The use of a self-reading rather than a target staff facilitates 
reduction, for nc is then unity, and, since the second term can often 
be neglected, we have 

H = 100 s cos^ 8, 

_ 100 5 sin 20 

and BF . 

2 


Fere^on’s Percentage Unit System. — Mr J C. Fergusson, 
M.Inst.C E., has devised a novel system for the division of the circle 



with the object of reducing to 
a minimum all calculations in- 
volving trigonometrical func- 
tions An unequal division 
of the circle is adopted, angles 
being reckoned in terms of 
their natural tangents, ex- 
pressed as percentages. The 
application of this system to 
tangential tacheometry facili- 
tates the reduction of obser- 
vations. 

Fig 310 illustrates the 
method of division. A circle 
is inscribed in a square, and 
is divided into octants by 


Fig." 310, 


the quadrant lines and by the 
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diagonals of the square. Each of the Sight tangents, of length 
equal to the radius of the circle, is divided into 100 equal parts. 
Lines from the centre to these pointy divide each octant into 
100 unequal parts, which each subtend tangent and thus 

form telemetric units The points of division on the circle are num- 
bered from 0 on the quadrantal lines to JOO at the diagonals. The 
magnitude of any angle between a quadrantal line and a line in the 
octant on either side is given on the circle in percentage units, and 
its value in these units measures the length of the perpendicular 
or tangent in terms of the radius 

The percentage system is embodied m Fergusson’s percentage 
theodolite, the circles of which are graduated both in degrees and 
percentage units. A vernier cannot be used for subdividing the 
unequal percentage divisions, and its place is taken by a spiral 
drum micrometer, by means of which readings can be taken to *01 
of a unit 

In the application of the system to tangential tacheometry, the 
observations may be made either on a graduated rod or on one 
with fixed targets The former method is more convenient of 
reduction A reading is taken of a low point on the rod with the 
vertical circle set to a whole percentage unit The telescope is 
then elevated through an exact number, n, of units, usually i 
or 2, and the upper rod reading is noted Then, corresponding to 

the formula, H - Tj we have 

(tan0-tan^) 

„ 100.9 

H = . 

n 


The elevation of the staff station may be determined as before by 
evaluation of H tan which is readily obtained in this case. 
Alternatively, the line of sight is directed to the graduation repre- 
senting the height of the instrument axis above the ground. If the 
vertical circle now reads ^%, this represents the gradient between 
the instrument station and the staff station, and their difference of 
gH 

100 * 


elevation == 


The Szepessy Direct-Reading Tacheometer. — The objection to the 
tangential system, that two telescope pointings are required, has 
been overcome in a neat manner by Szepessy, of Budapest, who has 
patented a direct-reading instrument A scale of tangents projected 
upon a circle, as in Fig 310, is required This may be engraved on a 
glass plate of cylindrical form attached to the vertical circle cover, 
so that it does not rotate when the telescope is tilted. Light trans- 
mitted through the scale is received by the objective of a microscope 
attached to the telescope and having its optical axis parallel to that 
of the telescope and passing through the horizontal axis of rotation. 
The rays undergo reflection by prisms, and are brought to a focus in 
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the plane of the telescope reticule, the eyepiece of the telescope 
serving also as the eyepiece of the microscope The image of the 
scale occupies nearly half pf the field of view, and, when the telescope 
is directed towards a staff, tlje image of the latter is placed alongside 
that of the scale as in Fig 311 

The scale of tangents is divided to 005, and is figured at every -01 

in terms of 100 times the tangent, so 
that graduation 15, say, corresponds 
to tan~^ *15 To take a reading, the 
vertical circle tangent screw should be 
adjusted to bring a scale graduation, 
preferably a numbered one, opposite 
the axial hair Since the scale gradua- 
tions on either side represent angles 
whose tangents differ by -01 , the length 
of staff intercepted between them multi- 
plied by 100 IS the required horizontal 
distance The scale reading opposite 
the axial hair being 100 times the 
tangent of the inclination of the line 
of sight, the vertical component is given by the previous staff 
intercept times the scale reading at the axis In the case of Fig 311 , 
the horizontal distance is 199 ft , and the vertical component is 
1'99 X 15 = 29-9 ft The staff reading at the horizontal hair is noted 
as usual for application to the vertical component 

The instrument is made in England by Messrs E R Watts and 
Son, of London 

The Subtense Bar Method. —In this method, distances are obtained 
by observation of the horizontal angle subtended by targets fixed 
on a horizontal bar at a known distance apart of from 2 ft to 20 ft 
The method is largely used in the Survey of India for measuring 
the lengths of traverse courses in rough country 

The Indian subtense bar illustrated in Fig 312 is 11 ft long. 
It is mounted on a tripod, and is levelled by means of the small spirit 




level 2 and quick levelling head. The sight rule / affords a line 
of sight perpendicular to the bar, which is thereby set normal to 
the line of measurement When aligned and levelled, the bar is 
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clamped by the screw 3. The targets are ol SJ-in. diameter, and are 
painted red on one side and white on the other, in each case with a 
3 -in. black centre The fittings are suc^ that the discs can be 
placed either 10 ft apart with the red^aces showing or 8 ft. apart 
with the white faces showing, so that the colour seen indicates the 
interval being observed 

Observations may be made by means of a theodolite fitted with a 
horizontal eyepiece micrometer The method then resembles stadia 
tacheometry with movable hairs, and the sloping distance is 
similarly obtained. An alternative system, due to Col Tanner, is 
used in the Indian Survey for traversing It consists in measuring 
the subtended angle on the horizontal circle of the theodolite, the 
method of repetition (Vol. II, (^hap JTI) being used to obtain the 
necessary refinement of angle reading with a vernier instrument. 
The smallness of the angle makes it possible in most cases to make 
the repetition by alternately manipulating the lower and upper 
tangent screws without unclamping 

In computing the distance in terms of the known subtense length 
s and the subtended angle a measured in this way, no reduction 
to the horizontal is required, since a is a horizontal angle, and we 


have H - 


s cot — . 
2 


The approximate formulae, H = s cot a, and 


206,265 5 


a" sin 1" 


, are more convenient and of ample 


accuracy The elevation of the subtense station may be derived by 
measuring the vertical angle to the bar In subtense traversing in 
the Indian Survey, however, it is found economical of time to 
measure the bearings and vertical angles between stations inde- 
pendently of the observations on the bar, which need not in conse- 
quence be plumbed exactly over the station mark 

To apply the subtense bar system to contouring, it is sufficient 
to use a very simple form of bar. The alignment and levelling are 
simply estimated by the rodman, who holds the bar at a constant 
height above the ground. 


Double Image Tacheometers. — There has been developed on the 
Continent of recent years a type of tacheometer, called the double 
image telemeter, of which there are several patterns A horizontal 
subtense staff is required, and this is supported by a vertical rod, 
which is also graduated. The optical arrangement of the instrument 
is such that two horizontal images of the staff are formed, one above 
the other, and these are seen to be displaced relatively to each other 
in the direction of their length by an amount proportional to the 
distance to the staff station The required displacement is effected 
by means of glass wedges. In a design by Wild the tacheometric 
angle is formed by deviating the rays from the staff through 
two similar wedges placed in front of the upper and lower halves, 
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respectively, of the objectf^lass In the Bosshardt-Zeiss* self -reducing 
instrument, one image of the subtense staff is formed directly by 
the upper half of the objqct glass, and the rays traversing the lower 
half to form the second image are first refracted through two wedges, 
which are rotated by the tilting of the telescope The tacheometric 
angle is varied in such a way that 100 times the displacement read- 
ing of the images gives the required horizontal distance directly. 
The reading of the fractional part of the displacement is obtained by 
means of a vernier on the staff and a rotative parallel glass plate 
placed in front of the upper half of the object glass. 

Unlike the subtense bar method described above, the double 
image system is intended to be used principally for moderate lengths 
of sights. The results are of considerable precision, and the method 
is suitable for large scale surveying, but in work necessitating a large 
number of sights the use of a horizontal staff is inconvenient. The 
double image principle can be applied to vertical staff holding only 
if the telescope is horizontal It can therefore be so used with a level, 
and in such a case, by adjustment of the prisms, it is possible to 
read distances over moderately sloping ground. 

Relative Merits of Tangential and Stadia Tacheometry.— In com- 
parison with the stadia system, tangential tacheometry labours 
under the disadvantage that, except in the case of the Szepessy 
and double image instruments, two manipulations of the instrument 
and two sights arc required for each complete observation. There 
18 always a risk of disturbance of the instrument between the 
sights, as well as the possibility of a change in atmospheric refraction 
occurring in the interval Refraction error is least in the case of 
the horizontal bar method, which is well adapted for long sights, 
but in the vertical staff methods full advantage cannot be taken of 
the refinements of reading in the various instruments. Some of 
these instruments are also liable to instrumental imperfections, 
since they have not the simplicity of the stadia instrument with 
non-adjustable hairs. There is little difference between the two 
systems in the amount of reduction involved. In general, however, 
the tangential system must be regarded as inferior to stadia work, 
although comparative tests show that the difference in accuracy 
is not serious 


FIELD WORK 

General Arrangement of Field Work. — Tacheometric surveys are 
chiefly confined to detailed contouring, such as is required in 
location surveys for public works. The field work consists in 
locating representative points over the area. 

If to the observations for the distance and elevation of a staff 

* See R. BoHshardt, Meaure Ophque dea l)iatances et Mdthode dea Coordonndea 
Folavrea, Geneva, 1930, for a full discussion of double image tacheometry. 
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station there is added the measurement 'of its bearing from the 
instrument, the three co-ordinates thus determined serve to locate 
the point. By fixing in this manner as mai^y points as are necessary, 
a survey may be made of the area witjiin the limit of convenient 
observation from the instrument. Except in the case of very small 
surveys, it will be necessary to occupy se^veral instrument stations 
so situated that all the required detail can be located from them. 
These form stations of a controlling framework, the precision of 
which governs that of the whole survey. 

When the tract to be surveyed is sufficiently narrow that the 
half -breadth is within sighting range of the instrument, the survey 
is controlled by a traverse approximately along the centre line of 
the strip In difficult ground, subsidiary traverses, closed or un- 
closed, may have to be run out at intervals to reach parts, such as 
wooded gorges, which cannot be surveyed from the main stations. 
Intermediate stations on long traverse courses have frequently 
to be occupied for the taking of topography. Control from a central 
traverse is that generally adopted in location surveys for lines of 
communication, the main traverse roughly following the proposed 
route. 

When the survey is too broad to be based on a single traverse, 
the control may be furnished either by a trangulation or by a 
series of traverses. The former is more suitable when the survey 
embraces a considerable area A principal and a subsidiary system 
may be required, in which case the latter is of low precision and 
may be executed by plane table. For moderate areas, traversing 
is usually adopted. The arrangement may consist of a single main 
traverse from which numerous circuits are projected, or several 
approximately parallel traverses may be run out and tied together 
at intervals. 

The measurement of traverse courses may be performed either 
by tape or tacheometrically, and the elevations of the instrument 
stations are obtained by ordinary or by tacheometrical levelling 
according to the degree of accuracy required. For large scale plans 
it is desirable to use tacheometer methods for locating detail only, 
but in small scale work they may be used exclusively provided 
due precautions are taken to limit the propagation of error. It is, 
however, always advisable to check the levelling at intervals by 
closures on to bench marks established by ordinary levelling. 

Field Party. — A small survey on easy ground can be performed 
quite well by a surveyor and a staffman, but in rough country their 
progress is slow. Where long sights have to be taken, there is apt 
to be uncertainty in the location of the contours, as it is difficult 
for the surveyor to judge whether the staff is being held on repre- 
sentative salient points. 

Large surveys are best executed by a party consisting of : (a) the 
chief of party ; (6) the instrument man ; (c) the recorder ; (d) two to 
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four staff men , (e) one or two labourers for clearing and porterage ; 
(f) a draughtsman, if the survey is to be plotted in the field 

The Chief of Party has to perform the following duties in addition 
to superintendence 

(1) The selection of the instrument stations. 

(2) The placing of the. staffmen, the most suitable positions 
being ascertained by reconnoitring the area controlled by the 
instrument 

(3) The preparation of a sketch showing the position of each 
staff station, the run of the contours relative to those, detailed 
measurements of buildings, etc A care'fully made pictorial sketch 
IS of great value in facilitating the plotting, particularly of rough 
country 

The Instrument Man is responsible for the actual observations. 
The number of staffmen he is able to keep occupied depends upon 
his expertness,* but to a greater degree upon the tune required by 
the staffmen to change their positions In close contouring over 
country with considerable detail, the observer may be fully occupied 
in sighting a single staff On the other hand, he may be able to 
keep SIX or eight staffmen employed if the required contour interval 
is large and the ground is precipitous 

The Recorder acts as assistant to the instrument man He keeps 
the field book, entering the readings as they are called out His 
system of numbering or lettering ot points observed must agree 
with that adopted in the chief’s sketches When the instrument 
man is head of the party, the recorder must prepare the slcetches 

Sttxffmen — When several staffmen are employed, the most ex- 
perienced should be sent farthest from the instrument A definite 
code of signals, preferably by whistle, must be arranged, so that 
each may know when his rod is being sighted and when he is free 
to take up a new position. 

Routine. — Taking the case of a location survey controlled by 
traversing, the first step is to obtain the elevation of the initial 
traverse station, A. This may be done either by independent spirit 
levelling or by tacheometric observations carried from a bench 
mark In the latter case, the procedure is analogous to that of 
ordinary levelling except that the alternate backsights and fore- 
sights are in general inclined to the horizontal, the elevations being 
derived from vertical angles and distances. This preliminary level- 
ling IS checked either by working back to the bench mark or by 
adopting the method, to be used in the traverse itself, of observing 
the difference of elevation between successive points by a back- 
sight and foresight from each In this case the instrument is first 
set up either over the bench mark or near it. 

* Correspondence in Engineenny Record for 1914 indicates tliat a thoroughly 
experienced observer, assisted by a recorder, can take over 1,000 sights in 
average country in a day of 8 hours. 
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When the instrument is set up at station A, the height of the 
axis above the ground is measured and noted Orientation is 
effected in terms of the meridian adopted"' in the same manner as 
in ordinary traversing (page 1G4) The iseeond traverse station, B, 
having meantime been selected, observations are made for its 
bearing, distance, and elevation The instrument man then proceeds 
to locate such points round A as will enable the detail to be plotted 
and contours interpolated The observations to those points are 
called side shots In general, the accuracy required in their observa- 
tion may be much lower than that necessary in the traverse, since 
errors cannot be propagated through them It is usually sufficient 
to read the bearings to the nearest 5', but, in contouring, the vertical 
angles should be read to the nearest 1' The staffmen should be 
kept as far as possible in straight lines Time is economised in 
sighting if they are placed roughly in radial lines from the instru- 
ment mistakes in distance reading are, however, more easily 
detected if the hues are roughly perpendicular to the traverse 
courses When the side shots at station A are completed, the 
bearing of H is observed anew' both to check the previous reading 
and to test the orientation of the circle 

The instrument is now carried forward and set up at B, while 
the chief reconnoitres and selects the position of th(‘ next station, 
C The first observation from B is upon A, not only for orientation, 
but also for distance and difference of elevation The length of 
each traverse course and the elevation of each station are therefore 
determined twice These observations should be reduced, and their 
consistency verified, as soon as possible Any of the methods' of 
page 166 is available for carrying forward the bearing, and the 
observations proceed at B as at A 

"(1) When the travcr.so distancos and levels are obtained inde- 
pendently, it ih htill desiiahle to ( heek them tac heometric-ally as aho\o 

(2) Tiav^oiso (oui.se, 5 aie better kept sulhciently short that the dii.tanee 
can bo accuiatelv lead If long couiscis aio introduced, tho ob.seivationa 
along them inu.'st be obtanuid bv dividing the length into E5eetion.s 

(3) Beaiingrt of travoi,se courses should be obtained bj'^ .sighting on poles 
marking the stations When pole.s aie not available, the edge of the staff 
IS .sighted for bearing 

(4) As in ordinal y traversing, no oppoitumty should be neglected of taking 
ciOK.s bearings, and checks on olevation.s should also he secuied wheie possible. 

(5) The detail taken from an instiumeiit station should not include pomts 
which can be better commanded from the .succeeding station, but important 
pomts may be fixed by sights from both stations. 

Note-keeping. — The tabular arrangement of the field book depends 
upon the system of tacheometry used and upon the character of 
the survey, but is largely a matter of individual preference Suffi- 
cient columns should be provided for the entry of the results of 
the field observations and for use in the subsequent reductions. 
In the case of stadia book-keeping, the number of columns used 
ranges from 6 to 16. 

P O 5S T. — 2 D 
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The accompanying example will serve as a guide. In it the 
individual stadia hair readings arc not entered, the distance reading 
representing 100 times Ahe actual intercept. The reduced entries 
are for constants of 100 and 1*2, but details of the reductions are 
not shown, since the use of a table or diagram is supposed. 


Inat Stn 
and 

Ht, of Ana 

Staff 

Station. 

II 

Anal Hair 
Heading' 

Beaniig 

Vertical 

Angle 

Horizontal 

Distance 

Vertical 
Component > 

Elevation 

Hemarks 

A 






, 

261 3 

Bearings from 

42 








Mag Mer at A 


B 

532 

42 

93" 21' 

+ 5" 16' 

529 F 48 7 

310 0 



1 

316 

42 

326" 30' 

- 3" 43' 

316 -20 5 

240 8 

Top of ridge 


2 

205 , 

8 5 

320" 15' 

- 6" 12' 

204 - 22 1 

234 9 

Bed of stream 


3 

218 

42 

357" 10' 

- 0" 36' 

219 - 2 3 

259 0 

Top of ridge 


OFFICE WORK 

Reduction of Observations. — Reduction formulae for the various 
telemetric systems have been given, and, in deseribing the routine 
of performing reductions, it will suffice to consider the case of fixed 
stadia hair observations only 

If the constant of the instrument is sensibly different from 100, 
the first step is to alter the distance reading proportionately before 
obtaining the horizontal and vertical components The labour of 
computing the latter quantities is reduced by the use of tables, 
diagrams, or mechanical aids. Some approximations are also 
justifiable If, as is usual, distances are required only to the 
nearest foot, the exact evaluation of (/+c) cos 6 is unnecessary, 
and it is commonly taken either as (/+c) or simply as 1 ft In the 
case of nearly horizontal side shots, the reduction to the horizontal 
may frequently be omitted, the limits of vertical angle and distance 
up to which the correction may be ignored depending upon the 
character of the work It is usual to regard the distance reading 
as representing the horizontal distance for vertical angles up to 
3° and distances not exceeding about 400 ft. If, in conjunction 
with this approximation, the (/+c) term is ignored altogether, the 
two errors tend to compensate, and the limits may be extended 
Elevations may be taken only to the nearest foot, or may be required 
as close as 0-1 ft. In the former case, (/H-c) sin d can be neglected 
for vertical angles up to about 15°, but in the latter only up to 2°. 
When the (/+c) term is included, and the reductions are performed 
by calculation, the use of the approximate formula, 

+(/+c)^i sin 20, 

saves time, and is allowable up to 0= 15°. 
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Reduction Tables. — Reduction by direct calculation is laborious, 
and the work is greatly facilitated by the use of a reduction table, 
of which various forms are published A common form gives for 
every minute of vertical angle the values of cos ^ d and sin 6 cos 0, 
or 100 times these values, the quantities being called “ horizontal 
distance ” and “ difference of elevation ” respectively. Such tables 
may include, for a few values of (/+c), the values of (/+c) cos d 
and (/+c) sin 6 for every degree of vertical angle Another type 
of table gives the correction factor, sin ^0, required to reduce the 
distance reading to the horizontal 

Reduction Diagrams. — Observations may be reduced still more 
rapidly by the use of diagrams Various forms of these are 
published, but it is a simple matter to construct one on squared 
paper The accuracy of the reduction depends upon the scale of 
the diagram, which should be as large as possible 

Fig 313 illustrates in outline the simplest form of diagram. It 
shows both horizontal corrections and vertical components, which 



are represented clear of each other to avoid confusion The range of 
12° of vertical angle, as illustrated, embraces the great majority 
of observations, but it would be desirable to extend it to 20° or 
25°. If this necessitates too small a scale for clearness, the diagram 
can be continued on a second sheet 

To prepare the horizontal correction diagram, the scale of distance 
readings up to 1 ,000 ft. is set out along the left-hand vertical, and 
on the horizontal line at 1,000 the values of 1,000 sin^d are marked 
off for vertical angles increasing by 10', or by 5' if the scale is 
sufficient. Straight lines joining the points so obtained to the 
origin give the corrections for other distance readings, since the 
correction varies as the distance. In constructing the diagram of 
vertical components, the range of the latter is limited to 100 ft. to 
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keep the scale large Distance readings an* set out along the 
bottom, and on the riglit-hand vertical are marked olT the values 
of ^ sin 20x1,000 for every 5' of vertical angle up to 5° 45', the 
points being joined to the origin Tlu‘reaft(T, the positions of the 
radial lines are obtained by setting off on the top horizontal lino 
the distance readings which give for each angle a vertical com- 
ponent of 100 ft 

Eig. 314 illustrates the Mct^ullough diagram, which gives hori- 
zontal corrections for all vertical angles On the hdt-hand and low er 


10 20 30 40 60 60 70 80 00 WO 



Fig 314 — Stadia Rkduction Diagram 


margins are scales of staff intercepts. The scales of vertical angles 
and of the required corrections extend round all four sides The cor- 
rection corresponding to any vertical angle and staff intercept is 
obtained by first following along the horizontal or vertical line 
through the value of the angle until an intersection is reached with 
the vertical or horizontal line corresponding to the observed inter- 
cept. The figure given at either end of the diagonal through this 
intersection is read, and, according as the vertical angle appears on 
the left, upper, bottom, or right-hand margin, it is multiplied by 
•01, 0-1, 1*0, or 10-0 to give the actual amount to be subtracted from 
the distance reading. 
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Reduction by Mechanical Means. — Ordinary stadia observations 
may be reduced rapidly and with sufficient accuracy by using the 
stadia slide rule Various forms of thes^ are in use Some are 
arranged to enable the horizontal and ’'jertical distances to be read 
directly others give the horizontal correction 

For the mechanical reduction of distances for plane table survey- 
ing with a tacheometric alidade, Dr Louis* has devised a method 
whereby the horizontal component may be plotted by the use of 
proportional dividers The scale on the dividers is one of vertical 
angles, and is such that when the centre mark is set to an observed 
vertical angle and the longer legs arc opened out to scale the distance 
reading, tha horizontal equivalent is given by the distance between 
the points of the shorter legs 

Plotting. — The framework of triangulation or traverse should, if 
possible, be completely plotted and checked before any side shots 
are laid down. If, however, the framework is built up as the survey 
proceeds, it is preferable to have the plotting of detail keep pace 
with the field w'ork so that in difficult country the run of the con- 
tours may be verified on the ground The main framework is best 
plotted by co-ordinates, but, when the measurements have been 
obtained by tacheometer, co-ordinate plotting is sometimes regarded 
as a refinement, and the protractor is used 

In plotting the side shots, the bearings are first marked off 
by means of a circular protractor The centre is placed at the 
station point, and the circle is oriented with reference to the frame- 
work lines meeting at the station The draughtsman then proceeds 
to mark off points round the circumference corresponding to the 
bearings, which should be read out to him. Opposite each point 
IS written the reference number of the side shot. The protractor 
is then removed, and the distances of the several points are scaled 
from the station in the directions of the appropriate marks The 
points so obtained are surrounded with a small circle, and against 
each is written its elevation Time is saved in plotting side shots 
by the use of one or other of the several forms of protractor fitted 
with a radial scale This can be set to any bearing, so that each 
point may be plotted in one operation. When the side shots are 
plotted, contours are interpolated to lie appropriately amongst 
them. 

* “ A New Device for Taeheomctiic Plane-Table Suiveving ” Min. Proc 
Jmt. C.E , Vol CCTIl. 
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EXAMPLES 

1. A staff IS held at distances of 100 ft and 300 ft from the axis of a theo- 
dolite fitted with fixed stadia hairs, and the staff intercepts by level sights 
are 0 99 and 3-00 ft respectively. Determine the constants of the instrument, 
and calculate the horizontal distance of the staff from the instrument when 
the intercept is 5 00 ft. if, in this case, the telescope is inclined at 10° to the 
horizontal, the staff being held vertically. 

2 In the course of a tacheometrical survey the following observations were 
made for the normal cross-sec fcion of a stream, the instrument being set up on 
one bank with the telescope level : 


staff Point 


Headings 


Bemarks. 

1 

4 62, 

4 76, 

4 90 

edge of water 

2 

6 06, 

6 27, 

6 48 

3 

7 25, 

7 63, 

8 01 


4 

8 30, 

8 82, 

9 34 


5 

8 36, 

8 96, 

9 57 


6 

7 31, 

8 05, 

8 80 


7 

5 67, 

6 54, 

7 41 


8 

3 69, 

4 75, 

5 81 

edge of water 


The telescope was fitted with an anallatic lens, the value of the constant 
being 100. Compute the cross-sectional area of the flow at the time of the 
observations. 

3. A tacheometer has a diaphragm with three crosshairs spaced at distances 
apart of 1/40 inch. 

The focal length of the object glass is 9 inches and the distance from the 
object glass to the trunnion axis is 4J inches. A staff is held vertically at a 
point the level of which is 80 feet A D. The telescope is inclined at 9 degrees 
to the horizontal, and the readings taken on the staff are 6 66 feet, 5-14 feet, 
and 3-63 feet. 

Find the distance of the point from the telescope and the level at the 
telescope The height of the trunnion axis of the telescope is 4' 6*'. (Univ. 
of Lond , 1918.) 

4. Find up to what vertical angle slopmg distances may be taken as hori- 
zontal distances in stadia work, so that the error may not exceed 1 in 300. 
Assume that the instrument is fitted with an anallatic lens and that the staff 
IS held vertically. 

5. The cross and stadia hairs of a theodolite were replaced by a surveyor in 
the field after a breakage. The necessary instrumental adjustments having 
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been made, tlie following observations for the determination of the multiply- 
ing tachoometne constant were taken iijion a vortical staft held at measured 
distances from the instrument ■ 

Horizontal 

ObaervB- dist to staff Vertlral Stadia Hair lleadlncrs 


tlOIl 

jn feet 

aiiffle 



1 

200 

0 

2 86 

4-76 

2 

400 

+ 1° 3' 

4-00 

7 83 

3 

400 

+ 1° 12' 

605 

8-87 

4 

600 

-f 1°36' 

4-00 

9-76 


Obtain the mean value of the constant given by these observations, that of 
the additive constant being known to be 1-2 ft (T.C D , 1930 ) 

6 A theodolite fitted with stadia wires and having an additive constant 
of 16 inches is used for contouring At the first station the height of the 
instrument was 4 72 ft , and the following readings Were taken : 


Staff 

Top 

Middle 

Bottom 

1 Vertical 

Bemarka 

Station 

Wire 

Wire 

Wire. 

I Anele 

1 

1 50 

3-45 

5 40 

1 5° 14' 

Theodolite set 

up 

2 ' 

2 87 

4 23 

5 60 

1 T 23' 

over B M 223 50 

ft 

3 : 

3 95 

6 96 

8 00 

8° 12' 

above datum. 



Calculate the heights of the staff at the stations above datum. Take the 
multiplying constant as 100. The staff is held verticallv in each case. (Univ. 
of Lond , 1919.) 


7, A taoheometer is set up at an intermediate point on a traverse course 
AB, and the following observations are made on a vertically held staff. 

Staff Station Intercept Axial Hair Bearln? Vertical Anele. 

A 7 42 6-71 218^37' - 6° 30' 

B 6 80 6 40 38° 37' - 6° 20' 

The instrument is fitted with an anallatic lens, and the constant is 100. 

Compute the length of AB and the reduced level of B, that of A being 
226-8. (R.T.C., 1921.) 

8. Observations taken by means of a theodolite fitted with stadia hairs 
gave staff mtercepts of 1-95 and 4-89 with the telescope horizontal and the 
staff held vertically at horizontal distances of 200 feet and 500 feet respectively 
from the centre of the instrument. The instrument was then set over a station 
having a reduced level of 264 3, the height of the instrument axis above the 
Oration pomt being 4*0 feet. The readings of tho three hairs on a vertical staff 
"vrere 3-00, 6-21, and 9-42, the telescope being inclined at 8° below the hori- 
zontal. Calculate the reduced level of the staff station and its distance from 
the centre of the instrument. 

, 0. The elevation of a point X is to be determined by observations from two 
adjacent stations of a tacheometneal survey. The staff was held vertically 
upon the point, and the instrument constant was 100. Compute the required' 
elevation from the following data, taking the two observations as equally 
irasiworthy : 


Inst. 

Ht. of Inst. 

Elevn. 

Staff 

Vertical 

Azlid Hair 

Stadia 

Btn. 

aboTe Btn 

of Btn. 

Point. 

Angle. 

Reading. 

Intercept. 

G 

3-8 

490-9 

X 

+ 2° 27' 

7-66 

8-12 

H 

41 

682-1 

X 

-4“ 61' 

6-93 

6-87 


(T.O.P-, 1029.) 
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10 The elevation of a peg marking a snrve;^ station A is 334 6 ft. A 
tacheometer fitted with an anallatio lens, and having a constant of 100, is set 
over the station so that the line of sight is 4 1 ft above the peg An observation 
IS taken on a vertically hold staff with the line of-|Sight directed downwards at 
7° 45' below the horizontal, and the observed reaihngs of the three hairs are 
respectively 4 50, 7 37, and 10 24 The staff remains upon the same point 
while the instrument is transferred to station B A backsight taken on the 
staff with an angle of elevation of 9° 30' givofe readings of 3 00, 6*56, and 
8*13 Calculate the elevation of station B if the height of the line of sight above 
the station peg is 3 6 ft. 

11. Determine the gradient from a point A to a point B from the following 
observations made with a fixed hair tacheometer fitted with an anallatic 
lens, the constant of the instrument being 100 . 

Beadings of Stadia Beading of Axial Vertical 
Bearing Hairs Hair Angle. 

To A, 345° 3 00 8-48 5 74 + 15° 

ToB, 75° 2 50 12 20 7*35 +10° 

(R.T.C., 1914 ) 

32. The following notes refer to three of the observations in a tacheometric 
survey The elevation of the instrument station was 639 4, the trunnion 
axis of the telescope liaving been at 4 7 ft above the station. 


staff Station 

Bearing 

Vertical Angle. 

Hair Beadings 

1 

97° 45' 

- 6° 12' 

3 19 4*70 6-21 

2 

103° 15' 

0° 0' 

7 00 8 92 10-84 

3 

105° 50' 

+ 10° 42' 

4 00 6-46 8 92 


The instrument was fitted with an anallatic lens, the value of the constant 
being 100, and the staff was held normal to the line of sight. Find the hori- 
zontal distances to the staff points and their elevations. 

13 Levels were carried from a bench mark to the first station A of a tacheo- 
metric survey by tacheometric observations. The instrument was fitted with 
an anallatic lens, and the value of the constant was 100, The following observa- 
tions were made, the staff having been held vertically ; 


Inst. 

Ht of 

Staff 

Vert. 

Staff 


Stn. 

Axis 

Point. 

Angle. 

Beadings. 

Elem 

1 

4-4 

0 B, M. 

- 2° 20' 

4 00, 6-11, 8-22 

206-3 



Change Pt. 

+ 4° 36' 

3-50, 5 07, 6-64 


A 

38 

do. 

- 5° 12' 

4-00, 5-90, 7-81 



Compute the elevation of station A. (T.C.D„ 1929.y 

14. A traverse survey is run along the foot of a piece of precipitous ground 
and the distance between two points A and B on the rough ground is to b 
obtained by observations from the traverse. A being visible from one of th 
traverse stations, X, and B from another station, Y, tacheometrical observe 
tions from these stations are taken upon a vertically held staff at A and B, a 
follows : 


Traverse 

Station 

Total Co-ordinates of Station 

I^atitude. Departure 

staff 

Point 

Bearing 

Vertical 

Angle 

(Elevn ) 

Hair Readings 

X 

Y 

1,076-6 N. 

839 3 N. 

2,843 2 E. 

3,609-5 E. 

A 

B 

336° 42' 

12° 27' 

18° 23' 

15° 16' 

5- 00, 7-12, 9-24 

6- 00, 7-96, 9-91 


The tacheometer is provided with an anallatic lens, and the instrumen 
constant is 100. Calculate the distance AB. fT.C.D.. 1927*1 
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15. Calculate the bearing &nd distance from A to D from the following notes 
of a traverse run by tacheometer The telescope was fitted with an internal 
focussing lens, the constant being 100, and the staff was held vertically. 


Line 

Beanng. 

Vertical Anffle 

Staff Beadlmrfl 

AB 

360° 0' 

+ 5° 11' 

3 00, 6 24, 9 48 

BC 

289° 54' 

+ 2° 30' 

3-13, 6-69, 8-05 

CD 

201° 12' 

- 2° 43' 

2-97, 6 49, 10 02 


16. The following notes refer to a tacheometrical traverse run from a 
station A to a station E, the horizontal distance between which is known to 
be 2,465 7 ft. Taking this value as correct, determine the constant of the 
in.strument, an anallatic lens being fitted in the telescope, and the staff having 
been held vertically. 


Line. 

Bearmff. 

Vertical Angle 

Stadia Intercept. 

AB 

360° 0' 

0 

6 39 

BA 

180° 0' 

0 

6 39 

BC 

29° 36' 

+ 2° 27' 

5 12 

CB 

209° 36' 

- 2° 25' 

5 10 

CD 

3.50° 8' 

- 1° 48' 

7 01 

DC 

170° 8' 

\ 1° 49' 

7 02 

DE 

7° 54' 

- 3° 12' 

7 14 

ED 

187° 54' 

4 3° 12' 

7 13 


17 The stadia intercept read by means of a fixed hair instrument on a 
vertically held staff is 3 73 ft , the angle of elevation being 6° 27'. The instru- 
ment constants are 100 and 1 1. What would be the total number of turns 
registered on a movable hair instrument at the same station for a 5 ft inter- 
cept on a staff hold on the same point, the vortical angle in this case being 
6® 21' and the constants 1000 and 1'4 ? 

18. A staff held vertical is observed with an ordinary theodolite, and the 
angles of elevation from the hoiizontal of two well-defined Imes on the face 
of the staff, which are 10 ft. apart, are observed. What is the horizontal 
distance of the staff from the axis of rotation of the telescope, when the 
difference of the tangents of the angles of elevation is 0 033 ’ (Inst. C.E , 
1905 ) 

19. Two observations are taken upon a vertical staff by means of a theo- 
dolite, of which the reduced level of the trunnion axis is 154*3. In the case of 
the first the line of sight is directed to give a staff reading of 3-00, and the 
angle of elevation is 4° 5S'. In the second observation the staff reading is 
1 1 00, and the angle of elevation is 5° 44'. Compute the reduced level of the 
staff station and its horizontal distance from the instrument. 

20. A surveyor, about to take a senes of cross sections on rough ground by 
means of a theodolite, wishes to obtain his height of instrument by observing 
a staff held upon a bench mark which is at a lower level than the instrument. 
He takes two observations on the staff, the readings being 9-74 and 3 26, 
and the corresponding angle.s of depression 9° 20' and 10° 46'. Calculate the 
elevation of the instrument if that of the bench mark is 193-5. (T.C D., 1925.) 

21. An observation with a percentage theodolite gave staff readings of 3-12 
and 7 86 ft. for angles of elevation of 4% and 5% respectively. On sighting 
the graduation corresponding to the height of the instrument axis above the 
ground, the vertical angle was 4-26%. Compute the horizontal distance and 
elevation of the staff station if the instrument station has an elevation of 213-1, 

22. The horizontal angle subtended at a theodolite by a subtense bar with 
vanes 10 ft. apart is 18'. Compute the horizontal distance between the instru- 
ment and the bar. 

Deduce the error of horizontal distance if the bar were V from being nprmc^l 
to the line joining the instrument and bar stations, 



CHAPTER X 


HYDROGRAPHICAL SURVEYING 

Hydrographical surveying is that branch of surveying which 
deals with bodies of water. It embraces all surveys made for the 
determination of water areas, volumes, and levels, rate of flow, 
and the form and characteristics of underwater surfaces. The 
usual methods of applying the fundamental principles of surveying 
and levelling have to be adapted to the conditions, and some of the 
operations and apparatus are of a specialised character. 

Scope. — Extensive hydrographical surveys, directed to the 
preparation of charts for the use of navigators, are undertaken by 
various countries 8uch surveys are conducted from specially 
equipped surveying vessels, and comprise the determination of 
depths available for shipping, the survey of currents, the location 
of shoals and other dangers, buoys, anchorages, and lights, as well 
as the mapping of conspicuous land features which will guide the 
navigator An examination of the operations forming the routine 
on board a surveying vessel is outside the scope of this volume, 'but 
the civil engineer uses similar methods on a smaller scale in connec- 
tion with the design and maintenance of certain classes of works. 
The relationship of hydrographical surveying to those branches of 
engineering which deal with harbours, docks, navigable waterways, 
coast protection, etc., is evident ; but the application of the subject 
to civil engineering is wider than might at first sight appear, since 
works connected with water supply, water power, irrigation, sewage 
disposal, flood control, land reclamation, viaducts, and river works 
generally, also involve the practice of hydrographical surveying. 

That part of the subject which relates to the measurement of 
the discharge of rivers and streams, as required in water supply 
and similar projects, is dealt with in the latter part of the chapter. 
The more general branches of the subject may be classed as marine 
surveying, but they are just as applicable to inland waters as to 
the sea. 

THE TIDES 

The marine surveyor has to make such frequent reference to 
tidal movements that some knowledge of their general characteristics 
is indispensable. Detailed treatment of the subject is outwith the 
scope of this work, and the reader is referred to the bibliography on 
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page 469, but a brief ouAine of the simpler phenomena is offered to 
explain the significance of some of the terms used in connection 
with the tides. 

Tidal Theory. — Tides are* periodical variations in the level of a 
water surface due to the attraction of celestial bodies The sun and 
moon are the principal ti'de -producing agents 

No theory adequately explains all the phenomena of the tides. 
The most useful working hypothesis is the equilibrium theory, due 
to Newton, which forms the basis on which all subsequent work 
has been founded This is a static theory which interprets the 
fundamental causes and character of the more general phenomena, 
but does not afford quantitative results regarding the range nor 
time of the movements at a place. 

Equilibrium Theory. — Newton’s law of universal gravitation states 
that every body in the universe attracts every other body with a 
force acting in the straight line between the bodies and of magnitude 
proportional to the product of their masses and inversely propor- 
tional to the square of the distance between them In applying 
this law in the equilibrium theory, the chief assumptions made are 
(1) that the earth is completely enveloped by an ocean of uniform 
depth ; (2) that the inertia and viscosity of the water and its 
attraction for parts of itself are negligible, so that the ocean may be 
supposed capable of assuming instantaneously the figure of equi- 
librium required by the tide -producing forces 

Tide -producing Force. — The moon is the principal tide generator, 
and the nature of tide -producing force is best followed by assuming 
that the earth and moon are the only two bodies in existence. 
These attract each other, the resultant force acting along EM 
(Fig 315), the straight line joining their centres Their separate 
positions are maintained by the earth and moon revolving monthly 



about G, their common centre of gravity Let this be the only 
motion taking place, the daily rotation of the earth on its axis 
being supposed annulled since it exercises no influence on tide- 
producing force. 

In consequence of the earth’s revolution about G without rota- 
tion, all particles on the earth are subjected to centrifugal force of 
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uniform intensity, and the directions of these forces are parallel to 
the line joining the centres of the earth and moon at any instant 
(Fig 316) While the total centrifugal force thus generated is 



balanced by the moon’s attraction, the attractive forces are not 
uniformly distributed over the earth Since attraction is inversely 
proportional to the square of the distance, particles at A are subject 
to a greater force, and those at B to a smaller force, than the mean. 



the distribution being represented diagrammatically in Fig 317. 
On adding the two systems vectorially, the residual forces of Fig 318 
are obtained These locally unbalanced forces are the tide-producing 
forces due to the moon 



Equilibrium Figure. — In conformity with the assumption that the 
ocean is devoid of inertia and viscosity, it will assume under the 
action of these forces the equilibrium figure of a prolate ellipsoid of 
revolution with the major axis directed to the mcon (Fig 319). 
Two lunar tides are thus simultaneously produced. That at A, 
under the moon, is termed the superior lunar tide, or tide of the 
moon’s upper transit ; that at B, the inferior or anti-lunar t^de, or 
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tide of the moon s lower transit. Low water simultaneously occurs 
at C and D. 



Tidal Day. — To explain the recurrence of high and low water at 
a place, consideration must be given to the effect of the earth’s 
rotation on its axis Let Fig 319 represent a section in the plane 
of the earth's equator, the moon being assumed in that plane 
As the earth rotates, a point such as A occupies the successive 
positions C, B, and D at intervals of 6 h , and returns to A in 24 h 
If the moon remained stationary, the major axis of the lunar tidal 
figure would maintain a constant position, and A would experience 
during a rotation a regular variation in the level of the sea, and 
would encounter high water at perfectly rt'gular intervals of 12 h , 
with low water midway between 

The effect of the moon’s motion, assumed in the plane of the 
equator, may now be added In a lunation of 29*53 days the moon 
makes one revolution relative to the sun, ^ e from new moon to 
new moon This revolution is in the same direction as the diurnal 
rotation of the earth, from west to east, so that there occur 28*53 
transits of the moon across a meridian during a period of 29*53 
mean solar days The interval between successive transits, or the 
length of the lunar day, is therefore on an average 24 h 50 5 m 
The axis of the lunar tide figure maintains its direction towards 
the moon, and therefore passes through a point such as A every 
12 h 25 m , which is the average interval between successive high 
waters 

Solar Tides. — In the same manner, the sun, acting alone, generates 
a superior solar tide and an inferior or anti-solar tide. The sun, 
however, is a less powerful tide-producer than the moon. The 
tide-producing force exerted by a celestial body may be measured 
by the excess in attraction at A (Fig 319) over the mean, the deficit 
at B from the mean being of practically the same amount 

Let E, M, and 8 = the masses of earth, moon, and sun respectively, 
m and 8 = the mean distances from the centre of the earth 
to that of the moon and sun respectively, 
r = the radius of the earth, 
k = the constant of gravitation. 


HYDROGRAPHICAL SURVEYING 


415 


The tide-producing force of the moon on unit mass at A 


= kM 
= kM 


(— — 
\(m— r)^ my 

(—\ 

\m^/ 


to a first approximation. 


i e Differential attraction or tide-producing force is proportional 
to the mass of the attracting body, and is inversely proportional to 
the cube of the distance We therefore have 


Sun’s tide -producing force Sm^ 
Moon’s tide -producing force Ms^ 
Substituting S = 331,000 E, 

s = 92,800,000 miles, 
m = 239,000 miles. 
Solar tide = -458 lunar tide. 


Since the moon and sun are acting simultaneously, the lunar and 
solar tides are superimposed, and the ocean assumes an equilibrium 
figure in obedience to the combined tide-producing forces. 


Spring and Neap Tides. — At new moon the sun and moon have 
the same celestial longitude, and cross a meridian of the earth at 
the same instant The three 
bodies are in one plane, and 
the sun and moon are on the 
same side of the earth, the 
moon being said to be in con- 
junction (Fig 320) The crests 
of the lunar and solar tide 
waves coincide, and the high 
water level of the resulting 
tide is above the average, and 
its low water level below the 
average The tide is called 
Spring Tide of New Moon 

Thereafter, the moon falls behind the sun, and crosses the meridian 
about 50 minutes later each day In about 1\ days the moon is 
in quadrature, its elongation, or the difference between its longitude 
and that of the sun, being 90® (Fig. 321) The crest of the lunar 
tide then coincides with the trough of the solar tide High water 
level is below the average, and low water level above the average, 
the tide being called Neap Tide of the First Quarter 

Full moon occurs at about 15 days from the start of the lunation. 
The moon’s elongation is 180°, and the earth, moon, and sun are 
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again in the same plan(‘, but the moon is in opposition (Eig 320) 
The moon and sun again act together, and the variation in sea- 

h'vel IS great, the tide being Spring 
Tide of Full Moon 
In about 22 days, the moon reaches 
quadrature witli an elongation of 
270^", and the conditions for small 
tides are repeated (Fig 321) The 
tide IS Neap Tide, of the Third 
Quarter 

Finally, in about 29^ days from 
the previous new moon, the moon 
returns to the meridian of the 
sun, and the cycle is recommenced 
with the Spring Tide of New 
Fig 321 -Nhav Tidks Moon 



To Sun , 


Priming and Lagging. —Besides giving iisi' to variation in the 
tidal range, varying relative positions of the sun and moon affect 
the regularity with which high water recurs at a place, so that the 
tidal day is not of constant length 'J'he tidal figure at any time 
consists of the superimposed lunar and solai’ tides, and, since the 
moon IS the more powerful agent, the crest of the composite tide 
lies nearer the meridian of th(‘ moon than that of the sun It is 
therefore convenient to refer tiie time of high water to that of the 
moon’s upper or lower transit When high water occurs at a place 
before the moon’s transit, the interval between successive high 
waters is less than the average, and the tide is said to prime other- 
wise, it is said to lag 

At new moon the crest of the composite tide is under the moon, 
and there is a normal tide without priming or lagging Between 
new^ moon and first quarter tlie axis of the resultant tidal figure lies 



Fui 322 


Lagging 



To Sun 


Fio 323 


as in Fig 322 The place A experiences high w ater before coming 
under the moon, i.e before the moon crosses the meridian of A, 
and the tide primes At quadrature the crest of the composite 
tide is again under the moon, and the tide is normal Between 
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first quarter and full moon the eonditions aic as in Fig 323 A does 
not encounter high water until some time after it has passed under 
the moon, and the tide lags Normal tide jjre vails at full moon, and 
again at the third quarter. The tide primes in the third quadrant 
of the lunation, and lags during the fourth 

The effects of varying relative positions qf the sun and moon may 
be summarised as follows . 


Moon 111 

Moon’s 

Elontraiion 

Moon's 

I'Lase 

Moon’s 

Approx 

Akc 

Days 

Tide 

Kanse 

Tide 

Syzygy 

0° 

New 

0 

Spiing 

Gioat 

Normal 


0“-90° 




Decreasing 

Priming 

Quadrature 


Ist Quarter 

7i 

Neap 

Small 

Normal 


90”-180° 




Increasing 

Lagging 

Syzygy 

180° 

Full 

15 

Spiing 

Great 

Normal 


180°-270° 




Decreasing 

Pruning 

Quadrature 

270° 

3rd Quarter 

22 

Neap 

Small 

Normal 


270°-360° 




Increasing 

Lagging 


360° 

New 

291 

Spring 

Gieat 

Normal 


Further Sources of Inequality. — Several other factors affect the 
range as well as the interval which elapses between successive high 
waters at a place The more important of these are the ellipticity of 
the orbits of the moon and the earth and the varying declination 
of the moon and sun 


Effect of Ellipticity of Orbits of Moon and Earth. — The luqar 
orbit IS not circular, as has been tacitly assumed, but is an ellipse 
with an eccentricity of 055 The moon is said to be in perigee when 
nearest the earth and in apogee when most remote, the ratio 


between the least and greatest distances b(nng 


1- 055 


Since tide- 


1 f -055 

producing force is inversely proportional to the cube of the distance 
of the attracting body, 

range of perigean tide 
mean range 

and 

T^arinrcfc ot aTiriirtiaTi r.ifiM / i \ 

0-84. 


range of apogean tide _ 
mean range 




This disturbance has a period, between successive perigees, of 
the anomalistic month of 27-55 days, so that it does not bear a 
constant relation to the succession of spring and neap tides The 
tides, whether spring or neap, are increased at perigee and decreased 
at apogee by the superimposition of this “ lunar elliptic ” tide. 

The distance between the sun and the earth likewise varies on 
account of the earth’s orbit being an ellipse. The sun is in perigee 
on Dec. 31st and in apogee on July 1st, the period of the tidal 


P.G.S. I. — 2 E 
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disturbance being the anomalistic year of 365 -26 days The result- 
ing inequality is small, since the eccentricity of the orbit is only 


■0166, so that 


and 


perig^n range 

r 

mean range 

apogeAii range 
mean range 


1 \= 


Vl+0166/ 


1 —0166 
1 


105, 


= 95 


Effect of Declination. — The sun and moon have been assumed to 
remain in the plane of the earth’s equator, but both bodies periodi- 
cally vary their position on either side of the equator, or have 
declination The sun’s declination (Vol. 11, Chap I) attains a 
maximum value of 23° 27' N. or S at the solstices, and is zero at 
the equinoxes, the period of the motion being the tropical year of 
365 24 days The plane of the moon’s orbit is inclined to that of 
the ecliptic at a mean angle of about 5° 8', and the moon under- 
goes a periodic variation in declination on either side of the equator 




Section A A 


Fiq. 324. 


during the tropical month of 27-32 days, or time of the moon’s 
revolution relatively to the First Point of Aries (Vol. II, Chap. I). 
The declination is N. for half of the month, and S for the other half. 
The maximum N. or S. declination attained ranges from 23° 27' 
+ 5° 8'= 28° 35' to 23° 27'- 5° 8' = 18° 19' in cycles of about 
19 years. 
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The effects produced by solar and lunar declination are similar, 
the latter being the more marked Fig. 324 illustrates a lunar 
declinational tide, the axis being towards^ the moon and therefore 
inclined to the equator At places on tbe same side of the equator 
as the attracting body the superior tide is greater than the inferior, 
the reverse being the case for places on thcdother side of the equator 
The conditions during a tidal day at the place A are exhibited on 
the section threfugh A by a plane parallel to the equator. The 
inferior crest is encountered at A', and the level of high water is 
then sensibly less than that of tlie previous high water. This 
phenomenon, termed Diurnal Inequality^ vanishes when the 
attracting body is on the equator 

Discrepancies between Theory and Observation. — In view of the 
assumptions involved in the equilibrium theory, close agreement 
between the results of theory and those of observation is not to be 
expected The ocean is assumed to be able to arrange itself in 
obedience to the tide-producing forces, but it is not explained how 
the adjustment is effected In reality, the time available for the 
formation of an equilibrium figure is insufficient on account of the 
inertia of the water, and, in consequence, the lunar and solar tides 
at a place do not occur at the instants of transit of the moon and 
sun The average length of the tidal day does, however, agree 
with that of the lunar day, and spring and neap tides occur at 
about the times of syzygy and quadrature respectively Inequal- 
ities due to declination and varying distance of the attracting 
bodies can also be traced 

The theory does not accord with observation as to the amount 
of tidal movement On the assunijition that the ocean completely 
envelops the earth, it can be shown that the greatest range of tide 
would be about 3 ft , but very much greater ranges than this 
actually occur The average range experienced at a place depends 
upon the form of the coast lines and the depth of the adjoining seas. 
On account of the irregularity of the obstructing land masses, the 
tide IS heaped up in jilaces, while the range is further increased by the 
attraction of the ocean for parts of itself and by the momentum of 
the water carrying it beyond the equilibrium position In con- 
sequence, the prediction of the tides at a place must be based 
largelv on observation 

Similar difficulties due to the influence of local conditions are 
encountered in the theories classed as dynamic or kinetic, which 
investigate the characteristics of the tidal oscillation These need 
not be detailed, and we may pass to a consideration of the main 
characteristics of actual tidal phenomena. 

The Primary Tide Wave. — The Southern Ocean, extending 
southwards from about 40° S latitude, is the only great body of 
water which encircles the earth. It is free from large obstructions 
to the development of the equilibrium figure, except where it is 
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restricted in width by the southern part of South America. In 
consequence, it is the only ocean in which the tides approximately 
obey the tide-producing forces of the sun and moon From the 
primary tide wave generated there, derivative waves are propa- 
gated into the Pacific, Atlantic, and Indian Oceans 

Derivative Waves. — These waves proceed in a general north and 
south direction in the open oceans, and consequently are only 
indirectly traceable to the tide -producing forces of the sun and 
moon The direction of propagation is greatly influenced by the 
form of coast lines and the intervention of land masses The 
velocity of wave travel is great over areas of deep water, and may 
exceed 600 miles per hour, while the amplitude, or vertical range 
from crest to trough, is then not more than 2 to 3 ft The velocity 
is greatly reduced in shallow water and by contact with coasts. 
When the wave has to pass through shallow water, or is contracted 
in width, the water is heaped up on account of its momentum, and 
the range between high and low water levels is much increased 
The true wave motion may then assume the character of a wave of 
translation. 

Age of the Tide. — On account of the direction of propagation of 
the tide wave, high or low water occurs at different times at various 
places on the same meridian If the assumptions of the simple 
equilibrium theory were fulfilled, the spring tide of new or full 
moon would occur at each place at the instant of the noon or 
midnight transit of the moon. Actually, the greatest spring tide 
arrives several tides after the transit at new or full moon The 
interval is called the age of the tide, and represents the time which 
elapses between the generation of the spring tide and its arrival 
at the place. It is obtained as the mean of several observations, 
and is usually reckoned to the nearest J day Its value varies for 
different places up to a maximum of about 3 days 

The progress of the tide wave and the varying age of the tide 
may be shown by means of a chart of co-tidal lines These are 
lines drawn through all places having high water at the same time 
Their form and distance apart exhibit the path of the wave and its 
varying speed 

In the case of the British Isles, the age of the tide on arrival at 
Land’s End and the west of Ireland is nearly 1|- days. The wave 
divides, one branch running up the English Channel, and the other 
along Ireland and the west coast of IScotland, sweeping round 
the north of Scotland into the North Sea The former wave passes 
through the Strait of Dover with an age of IJ days. The latter 
attains that age off the north-east coast of Scotland in its passage 
down the North Sea, and finally, when the age is 2 days, it encounters 
off Harwich the succeeding tide from the English Channel. 

Lunitidal Interval. — The interval of time which elapses between 
the moon’s transit and the occurrence of the next high water at a 



HYDROGRAPHICAL SURVEYING 


421 


place is called a lunitidal interval. If the times of several consecu- 
tive tides are observed, and are referred to the times of the moon's 
upper and lower transits, the value of the lunitidal interval will be 
found to vary because of the existence of priming and lagging 
The required local times of transit are derived from the times of 
transit at Greenwich given in the Navtiral Almanac by applying 
2m for every hour of longitude, adding if the place is west, and 
subtracting if east, of Greenwich 

On plotting the lunitidal intervals for a fortnight on a base of 
times of the moon’s transits, a curve similar to Fig. 325 is obtained. 
This eurve of semi-mensual inequality of time has approximately 
the same form for each fortnight, and may be used for the purpose of 
rough predictions of the occurrence of high water at the place. 



To obtain the local time of high water on any day for which the 
local time of the moon’s transit is known, the appropriate lunitidal 
interval is obtained from the curve and added to the time of the 
preceding transit 

Mean Establishment. — The mean establishment of a place is the 
average value of all its lunitidal intervals 

When the mean establishment is known, a rough prediction of 
the time of high water may be made by deducing the lunitidal 
interval for that day from the mean establishment This involves 
the application to the establishment of a correction representing 
the amount of priming or lagging at the generation of the tide, the 
evaluation of which requires an approximate knowledge of the age 
of the tide at the place 

The priming and lagging correction to mean establishment is as 
follows 
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To illustrate the manner of applying the correction, let it be required 
to find the time of afternoon high water at a place at which the 
mean establishment is 4 Ji 12 m and the age of the tide 1 J days, if 
the moon transits at 5 h 46cm p.m on the day in question 

Since the moon falls behind the sun by about 50 m in 24 h , at 
the birth of the tide, 1 J days before, the moon crossed the meridian 
at which the wave was generated X 50 m. = 1 h 15 m earlier, i e 
at 4 h 31 m 

By interpolation from the table, the priming correction corre- 
sponding to 4 h 31 m is 37 m , so that ^ 

Required 1 unit idal interval 4 h. 12 m - 37 m = 3 35 

I'lme of moon’s transit 5 46 p ra 

Time of high water 0 21pm 

The results given by this method of predietion are only approxi- 
mate, since it takes account only of the moon’s phase and makes no 
allowance for variations in declination or distance of the moon and 
sun At places with marked diurnal inequality the estimates may 
be seriously wrong, but otherwise phase prediction is sufficiently 
accurate for many purposes 

Vulgar Establishment. —The value of the lumtidal interval on 
the day of full or change of the moon is called the vulgar establish- 
ment, or simply the establishment, of the place It is approximately 
the clock time at which high water oecurs on those days It exceeds 
the mean establishment by an amount depending upon the age of 
the 'tide at the place, since the parent tide, generated a day or two 
previously, was in the second or fourth quadrant and therefore 
lagging The value of the establishment for nearly all ports and 
anchorages is published in the Admiralty Tide Tables under the 
name “ High Water, Full and Change ” 

Mean establishment can be derived from vulgar establishment 
if the age of the tide is known, and the lumtidal interval for any 
day can then be obtained as before Thus, if the vulgar establish- 
ment of a place is 4 h 32 m , and the age of the tide there is 1 J days, 
then at the generation of the tide the moon crossed the meridian at 
12 h —1^x50 m =10 h 45 m The lagging corresponding to this 
hour of transit is, from the table, 20 m. The mean establishment is 
therefore 4 h. 32 m —20 m = 4 h 12 m 

Height of Tides. — The rise of a tide is the vertical distance of the 
high water level above a fixed reference surface. The datum 
surface in general use is that of low water of ordinary spring tides 
for the locality 

The range of a tide is the vertical distance from low water level 
to the succeeding high water level 

Observation of the high and low water levels of successive tides 
at a place shows the gradual diminution in rise and range from 
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spring to neap tides (Fig 326) Such a diagram could be used in 
conjunction with phase prediction of times to make rough predic- 
tions of heights. 



Rate of Variation of Level. — If the level of the water is observed 
every 15 or 30 m , it will be found that the rate of variation of 
height is small at high or low water and greatest at half-tide. On 
plotting the heights on a time base, the resulting tide curve is found 
on an average to approximate to the form of a harmonic curve. 

For many purposes it is useful to be able to ascertain, in default 
of regular gauge readings, the approximate height of a tide of 
known rise or range at any time between high and low water 



This is conveniently obtained from a diagram (Fig 327a) con- 
structed as follows. 

Draw a line to represent mean low water level of spring tides or 
other datum adopted. At the appropriate height above datum 
scale off a point 0 on mean tide level. With centre 0, construct 
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a series of semicircles of radii representing in whole feet the semi- 
ranges of all tides likely to occur at the place Divide the circumfer- 
ence of one of the semicircles into as many equal parts as there arc 
half-hours between high aryi low water If the place experiences 
normal tides, the average interval between high and low water is 
6 h 12m, and for the present purpose the interval may be assumed 
to have a constant value of 6 h Draw radii through the points so 
obtained, and designate them as shown The elevation at any time 
of a tide of known range is approximately given by the ordinate 
from the datum to the point of intersection of the radius repre- 
senting the time with the semicircle corresponding to the range. 

In the example illustrated, the spring tide rise is taken as 14 ft 
To ascertain the approximate height at 2 h from high water of a 
tide having a rise of 12 ft , the height of the intersection of the 
radius marked 2 h with the semicircle through 12 ft is read, the 
result being ft above datum The construction of the harmonic 
curve for this tide is shown at h (Fig 327) 

The same results are obtained analytically from 

H = h-[~\r cos 9, 

where H ^ required height of tide above datum, 

h = height of mean tide level above datum, 
r = range of the tide, 

^ interval from high water 

0 _ n ^ I gQo 

interval between high and low water 

Deviations from Normal. — At many places the above methods 
of estimating the times and heights of the tides arc of little service 
on account of the influence of local conditions The amount of 
diurnal inequality is very variable over the earth It is small in 
European tides, but large iii the Indian Ocean and parts of the 
Pacific and on the coasts of Australia and C-hina At some places 
it is so pronounced that there is only one tide in 24 h for several 
consecutive days On the other hand, the tides may approach a 
place from two different directions When the two tides arrive at 
different times, the place experiences twice the normal number of 
tides, but if the difference in time is small, the effect is to make 
the tide practically stand at high water, it may be for several hours 
These phenomena occur at several places on either side of the 
English Channel 

Tidal Streams. — On account of the inequalities in sea level 
caused by the tide wave, the action of gravity produces along the 
sloping surfaces an actual flow of water, called a tidal stream or 
current In the open ocean the height of the tide wave is so small 
that the stream is inappreciable, but in shallow seas the gradients 
are much increased, and the resulting currents become an important 
factor in navigation. 
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The speed and direction of a stream vary during the passage of 
the tide wave causing it The greatest velocity usually occurs at 
about half-tide, and there is a period of rest, or ‘‘ slack water,” at 
the turn of the tide This does not necessarily take place at the 
times of high and low water, since in general the flood stream con- 
tinues to run after the sea level has started to fall, and the ebb 
stream for some time after low water The direction may remain 
fairly constant during flood and become reversed at ebb, but in 
many cases the direction undergoes a regular series of changes 
during flood and ebb The actual regime depends upon local 
circumstances, and may call for careful study by the engineer in 
connection with the design and construction of works (page 449) 

Meteorological Effects. — Wind — Considerable variation may 
occur in both the height and time of tides through the action of wind 
in heaping up the water A strong wind blowing in the direction of 
the flood stream accelerates its progress, and increases the height 
of the tide The same wind retards the ebb On coasts swept by 
the wave high water occurs sooner, is higher, and keeps up longer 
than usual, while low water level is also above the average. The 
reverse effects occur when the wind blows against the flood stream. 
The effect of wind is least marked in the open ocean, and is most 
evident when the storm occurs in the region of a contracted area 
through which the tide pours. 

Barometric Pressure —The atmosiihere resting on the sea exerts 
upon it a varying pressure as indicated by differences in the height 
of the barometer at different places The sea level is depressed in 
regions of high pressure and is raised where the pressure is low, 
a difference of 1 in in the reading of the barometer corresponding 
to a difference of sea level of over 13 in Observation shows that 
the height of tides is affected thereby, but investigation is difficult 
since the effc'ct is masked by the greater influence of the wind 
caused by a steep barometric gradient 

Harmonic Analysis. — In order to predict successfully the heights 
and times of the tides at a place, allowance must be made for all 
the factors appreciably affecting the period and range of the wave 
If observations arc continued at a place for at least a year, the 
effects of the principal perturbations are included, and contribute 
towards the resulting tide curves 

These curves are capable of being analysed into a series of 20 to 
25 simple harmonic curves, each of which represents a component 
oscillation induced by a particular characteristic in the action of 
the moon or sun or by periodic meteorological changes In making 
the analysis, the moon and sun are supposed replaced by several 
imaginary bodies having circular orbits in or parallel to the plane 
of the equator The constants of the individual curves are derived 
by a laborious process of averaging The data thus obtained can 
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be used for constructing tide curves for the place for future years 
by combining the separate components. The position of the tide 
producers at the beginning of the year must be known, so that the 
various components may' be correetly placed for combination. The 
labour of summation is eliminated by the use of Lord Kelvin’s Tide 
Predicter, by means of which the tide curve is traced mechanically. 

TIDE GAUGES 

The vertical movements of tides are measured by means of a tide 
gauge When a prolonged record of the tides of a locality is required, 
the gauges at the observation station are of a permanent character. 
In the execution of a marine survey it is necessary to ascertain 
the variation of sea level during the operations, and a tide gauge 
must be established temporarily if there is no existing one in the 
vicinity. 

Selection of Site. — The gauge may be required to record the 
tides at a particular point, in which case there may be little choice 
as to its position On the other hand, if it is desired to register the 
average conditions prevailing over a wide area, the site must be 
selected with a view to obtaining a representative record for the 
locality. Abnormal conditions prevail in shallow water, in narrow 
creeks and straits, and near the mouths of rivers Deep water and 
shelter from storms are the chief desiderata, so that frequently the 
most suitable situation is on the side of a bay with a wide entrance 
In the case of a survey covering a limited area, the choice is more 
restricted, and the gauge should be placed as near the work as 
possible, consistent with obtaining a trustworthy record 

Forms of Tide Gauge. — Gauges may be classed as non-self - 
registering and self-registering. The former require the attend- 
ance of an observer to note the elevations of the water surface 
and the times of reading The latter are automatic, and pro- 
duce a continuous record, or marigram. 

Non-self-registering Gauges.- -The Staff Gauge 
(Fig. 328) is simply a graduated board, 6 in to 
9 in. broad, firmly fixed in a vertical position, 
and IS the most commonly used form. Its 
length should be more than sufficient to em- 
brace the highest and lowest tides known in 
the locality. The graduations and figures 
should be very bold, as it may be necessary 
to read them from a distance. The division 
is sometimes carried to tenths of a foot, but 
there is no advantage in closer graduation 
than quarter feet. 

Piers, etc , form suitable supports for the 
staff, since the zero must always be under 



Fig 328. 
Staff Gauge. 
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water If such a support is not availaole, the gauge must be 
erected below low water mark, and securely strutted or guyed. 
In such a case, if the tidal range necessitates a long staff, it may 
be preferable to arrange the gauge as a series of posts from 
above high water mark outwards, these being set by levelling so 
as virtually to constitute one staff. In setting any gauge, the zero 
may be fixed at a predetermined level, or, more usually, having 
erected the gauge, the elevation of its zero is observed by levelling 
and not^'d. 


The Float or Box Gauge (Fig 329) is designed to overcome the 
objection that accurate reading of a staff gauge is at times difficult 
on account of the wash of the sea It is 111 ™!™ 

enclosed in a long wooden box about 12 in 11 1 1 

square, in the bottom of which are bored a 
few holes The surface of the water thus T i J 

admitted is comparatively smooth, particu- | 

larly when the holes are small and well below j 

the surface The float carries a vertical rod, | g I 

which may itself be graduated or which may \ Ooori 

carry a pointer over a fixed scale In the 

former case the graduations increase down- j I 

wards, and the reading is obtained against 
a fixed index With the latter arrangement | e 

the rod may be made quite short, and the I g 

attached pointer is brought through a narrow I = ^ 

continuous slit in the face of the box so | 

that readings are obtained on a staff gauge 
attached to the outside of the box 

The Weight Gauge is suitable for situations | ^ 

where the above gauges would be liable to I ^ 

disturbance or would not be conveniently I ^ 

accessible for reading In the simplest form, I ^ 

a weight IS attached to a graduated wire, 
chain, or tape, and observations are made 
by lowering the weight to touch the surface 
of the water and reading against a fixed 
mark Alternatively, the gauge may take | | ^ 

the form shown in Fig 330, in which the I | | 

chain carrying the weight passes over a pulley | | ^ 

and along the surface of a graduated board, lllMlllM 

to which it IS hooked when not in use. The Fig. 329. 

chain is furnished with an index, and read- Float Gauge. 

ings are obtained by unhooking the chain, 

lowering the weight to touch the water surface, and noting the 
graduation opposite the index The length of chain must be such 
that readings can always be obtained at the lowest state of the 
tide, but the graduated board need not be unduly long as a second 
and third index can be attached to the chain at intervals of, say, 
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10 ft In referring to these, the reading is increased by 10 or 20 ft , 
as the case may be 

The reduced level of the water surface corresponding to zero 
reading must be determined This can be obtained by reading a 



levelling staff held with its foot opposite the bottom of the suspended 
weight and noting the corresponding gauge reading Otherwise 
it may be deduced from the level of the pulley, the length along the 
chain from the bottom of the weight to the index, and the hori- 
zontal distance between the vertical part of the chain and the zero 
graduation The value of the zero may change through stretching of 
the chain, which should be tested occasionally by steel tape, and 
adjusted if necessary 

Self-registering Gauges. — Many types of automatic gauges have 
been constructed, but, while they vary in detail, the essential parts 
arc similar in all forms A float, protected from the action of wind 
waves, has attached to it a wire or cord which is coiled round a 
wheel and is maintained at a constant tension by means of a 
counterweight or spring The vertical movement of the float, 
transferred through the float wheel, is reduced in scale by means 
of gearing, and is finally communicated to a pencil or pen which 
traces a curve on a moving sheet of paper In the commonest 
form the paper is mounted upon a drum which is rotated once 
in 24 hours by clockwork A week’s record can be received on the 
sheet without confusion between the different curves In more 
elaborate gauges the recording mechanism is arranged to accommo- 
date a band of paper sufficiently long to contain a month’s record. 
The paper is paid out from one cylinder, passes over a second, 
against which the pencil or pen is pressed, and is wound upon a 
third drum. 

In the housing of automatic gauges it is frequently necessary to 
lay piping from below low water level to a well, constructed under 
the building and in which the float operates. The effect of wave 
action outside is communicated but slightly to the water in the well 
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because of friction in the pipe and the provision of a grid at its 
seaward end. 

SHORE LINE SURVEYS 

The survey of a shore line is usually performed by traversing 
along the shore, the edge of the water being located by taped 
offsets, tacheometer, or plane table, according to cir- 
cumstances In the survey of narrow rivers both 
banks may be located by tacheometry from a traverse 
on one side In the case of wide rivers it will be 
necessary to traverse along both banks and connect 
the two systems at intervals. Otherwise a triangu- 
lation net is run along the river, as in Fig 331. In the 
most rapid shore line surveys the banks are sketched 
with reference to a compass traverse executed from a 
launch, linear distances being deduced from the speed 
of travelling 

In the case of tidal waters it is necessary, for plotting 
on other than small scales, to locate both the high and 
low water lines These are taken for average spring tides The 
position of the former may be estimated roughly from deposits and 
marks, but to locate the lines carefully it is necessary to ascertain 
the elevations corresponding to high and low water of ordinary 
spring tides and trace the corresponding contours along the shore 
as in direct contouring Owing to the limited time available for 
the survey of the low water line, it is best located by interpolation 
from soundings 

SOUNDING 

The operation of sounding corresponds to that of levelling in 
land work, and has for its object the determination of the levels of 
the submarine surface This is accomplished by measuring from a 
boat or a launch the depth of water at various points, the measure- 
ments being termed soundings The water surface is thus used as 
a level surface of reference, which, however, in tidal waters under- 
goes continual change of elevation. But by observation of a series 
of tide gauge readings during the period of sounding this variation 
may be ascertained, and it is then possible to subject the observed 
values of the soundings to a process of reduction whereby the levels 
of the submarine surface may be referred to a fired datum. 

Scope. — Sounding is the most commonly required operation in 
hydrographical surveying, and is undertaken for engineering, 
navigational, and scientific purposes, these in many cases being 
closely interrelated For the design of such works as breakwaters, 
groynes, wharves, river viaducts, etc , a knowledge of the levels of 
the bottom over the site is obviously necessary. In the maintenance 
of harbours and docks, periodical soundings are taken to detect the 
progress of silting and so to ascertain where, and in what volume. 
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material should be removed by dredging, and where it can safely be 
deposited. The measurement of river discharge and the examina- 
tion of changes in the bed due to scour or silting also involve the 
running of lines of soundings between the banks 

A very important application of sounding is in the preparation 
of charts exhibiting the depths available for navigation Harbour 
and river engineers are concerned with this aspect of the subject 
in the location and maintenance of navigable chaniiels. In another 
direction sounding is applied in the investigation of scientific 
problems relating to the rate of accumulation of bars, growth of 
coral formations, etc 

Soundings required for civil engineering purposes seldom exceed 
about 25 fathoms, and a description of the methods applicable to 
deep sea sounding (beyond the 100 fathom line) is out\\ith our scope. 
These observations may be accompanied by investigations of the 
nature of deep sea deposits and ocean temperatures, and are under- 
taken mainly for scientific purposes, but are of immediate practical 
importance in cable laying 

Sounding Party. — Setting aside the preliminary work of establish- 
ing shore signals, the constitution of the party depends upon the 
manner in which the soundings are to be located 

When the location is controlled by angular fixes taken on the boat, 
a full sounding boat complement comprises the surveyor, instrument 
man, recorder, leadsman, and oarsmen. The surveyor superin- 
tends the operations, sees that the boat is being kept on the proper 
course, and verifies the soundings as called by the leadsman The 
instrument man is responsible for the sextant or compass observa- 
tions to shore marks. Usually the surveyor himself performs 
the duties of instrument man, but in locating by two simultaneous 
sextant observations on three shore objects, the chief and an 
instrument man share the work The recorder acts as timekeeper, 
and notes the soundings as called out by the leadsman as well as 
the results of angular and other measurements 

When soundings are located by angular observations from shore, 
the instrument man remains there Two shore observers are re- 
quired in certain methods. They measure bearings to the boat on 
receipt of a signal from it, and, unless the surveyor makes the 
signals, an extra man is required in the boat to act as signaller. 

For cross rope sounding the instrument men and signaller are 
dispensed with, but a crew is required to man the reel boat. 

In tidal waters gauge readings must be made at regular intervals 
during the sounding operations A trustworthy man is stationed 
at the gauge with instructions to note the reading at 10 or 15 minute 
intervals, his watch being set to correspond with that of the recorder. 
If a gauge is established close to the survey, it may be possible to 
have the readings observed through a field glass by a member of 
the boat party. 
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Equipment. — The essential equipment comprises a boat or launch, 
apparatus for taking the soundings, and instruments for their 
location The transit theodolite is used when the location is based 
upon angular measurements from shore, but observations from the 
boat are made by sextant or, less commonly, and with less accuracy, 
by prismatic compass. 

Sounding Boat. — The chief qualities desired in a row-boat for 
sounding are roominess and stability. A flat-bottomed cobble is 
suitable for sheltered waters, but for sea work a boat of either the 
whale or ship’s lifeboat type is more easily handled. Row boats 
for regular sounding may with advantage be provided with a well 



Fig 332. — Sounding Boat 


(Fig 332), through which the soundings are taken For harbour 
and river sounding two oarsmen are sufficient, but four are fre- 
quently necessary for sea work In localities where the currents 
are strong, much time is saved by the use of a motor or steam 
launch. The equipment of a sea boat should include a compass, 
grapnel, and spare oars. 

Sounding Rod. — The sounding rod is a pole of tough timber, 
usually circular in section, 2 to 3 in. in diameter, and 15 to 25 ft. 
long Long rods are awkward to manipulate when sounding in 
shallow water, and should be formed of two or three lengths screwed 
together so that the top may be removed when necessary. The 
rod is sometimes graduated in feet and tenths, but division to 
quarter feet only is generally preferable. To facilitate plunging it, 
the pole is weighted at the base, which is sometimes enlarged to 
prevent excessive sinkage into a soft bottom. If samples of the 
surface material of the bottom are desired, the base is made con- 
cave at the end, and the cavity is filled with tallow, to which the 
material adheres. 

Lead Line. — The lead line consists of a graduated line or chain to 
which is attached the lead or sinker. A line of either hemp or 
cotton is commonly employed, but is liable to elongate with pro- 
longed usage. To minimise this effect, the line must be thoroughly 
stretched when wet before graduation. A satisfactory method is to 
coil it tightly round a tree trunk or post, secure the ends, and wet 
it thoroughly. The shrinkage caused by the wetting induces tension, 
and, when dry, the line is stretched. The process should be repeated 
until the stretch becomes inappreciable, and the line is then soaked 
and graduated by attaching cloth or leather tags at foot intervals. 
Every fifth foot mark is distinguished from the others, and every 
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tenth is made to exhibit^ its distance from the bottom of the lead. 
Such a line should have its length tested periodically 

For regular sounding, a chain of brass, steel, or iron is preferred 
since, although subject to elongation through wear, it maintains 
its length much better than the line The links may be 1 in. long, 
and should be welded or brazed The attached tags arc sometimes 
of brass, but may be of leather or cloth as in the line 

For ordinary sounding, the weight of the lead sinker ranges from 
5 to 20 lbs according to the strength of current and depth of sound- 
ing A weight of 8 to 10 lbs is sufficient for harbour work When 
samples of the submarine surface material are required, a lead is 
used with a recess in the bottom for the reception of tallow as in the 
sounding rod. 

Sounding Machines. — The work of sounding is simplified by the 
use of one of the various forms of sounding machines suitable for 
engineering surveys. Fig 333 illustrates Weddell’s Sounding 
Machine, which is manufactured by Messrs George Russell and 

C>o , Jjtd , of Motherwell 
The instrument is intended 
to be bolted over the well 
or to the gunwale of the 
sounding boat, and consists 
of a galvanised malleable 
cast iron casing carrying 
on a spindle a gun^metal 
barrel, 2 ft in circumfer- 
ence The lead, of about 
14 lbs weight, is suspended 
by a flexible wire cord 
from the barrel, and can 
be lowered at any desired 
rate, the speed of the drum 
being controlled by means 
of a brake The indicating 
dials are driven by gearing 
from the spindle through 
a friction device, the outer 
dial recording the depth in 
feet, and the inner showing 
tenths of a foot. The lead is raised by means of the handle 5, and 
it may be suspended at any height by means of a pawl and 
ratchet The standard machine is designed to record a maximum 
depth of 100 ft 

At the commencement of a senes of soundings, the dials are set 
to read zero by means of the handle 5 . By depressing plunger 4, 
the reading is held at zero, and the handle is again turned until 
the bottom of the lead is raised or lowered to touch the surface of the 



/ Lead Weight i Wmdm^ Handle 
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J Barrel 7 Recording Dials 

4 Plunger for Zero Adjustment 

Tig 333 — Weddell’s Sounding Machine. 
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/ Index Glass 

2 Index Arm 

3 Hotuon Glass. 

4 Pin-hole Plate 

5 Ring carrumg Telescope 

or Pin-hole Plate 


water. On releasing the plunger, the machine is ready for use, no 
correction to the readings being ret[uired to allow for the height of the 
machine above water level It is unnecess^^ry to raise the weight to 
the surface after each sounding in sheltered water, but it should 
be wound up when moving from one section to another 

The Sounding Sextant. — The form of sexthnt used in coast survey- 
ing IS known as the sounding sextant (Fig 334), and differs some- 
what from the astronomical 
sextant (Vol 11, Chap II) 

It is of specially strong 
construction, and is fitted 
with a large index glass to 
minimise the difficulty of 
sighting from a small boat, 
due to its motion The 
horizon glass has no trans- 
parent part, and is entirely 
supported by a metal tray 
The object viewed directly 
IS therefore sighted over the 
top of the horizon glass, and 
the reflected image is separ- 
ated from the direct one by 
the small thickness of the 
frame The arc is boldly 
graduated, and is read by 
the vernier to single minutes The ring 5 carries a disc with pin-hole 
sight, but the instrument is also provided with a Galilean telescope 
of wide field. This is substituted for the disc wffien the sights are 
long, merely to afford resolution The telescope is non-adjustable, 
but the testing and adjustment of the perpendicularity of the 
mirrors to the plane of the arc and for index error are conducted as 
for the astronomical sextant, except that test sights may be taken 
on distant terrestrial objects instead of celestial bodies. 

Water Glass. — During sounding, an inspection qf the 
submarine surface or of underwater construction is 
sometimes required, and may be made by means of the 
water glass or water telescope (Fig 335). The instru 
ment consists of a watertight box of wood or sheet iron 
open at the top and having a sheet of plain glass fitted 
at the bottom. Two handles are provided for steadying 
the instrument. The observer, leaning over the side or 
Fig. 335 stern of the boat and holding the instrument with both 
hands, lowers the bottom a few inches below the surface 
of the water, and looks in at the upper end. The clearness of 
the view presented depends upon the depth and transparency of 
the water and the brightness of the day. 

r.G.s. I — 2 F 
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Fig. 334.- -Sounding Sextant 
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Shore Signals. — Shore signals are required to mark ranges defining 
section lines and as points to which to observe in making angular 
measurements from a boat. For the former purpose, signals have in 
general to be specially set out and erected, but for angular observa- 
tions existing landmarks may be available, especially in the vicinity 
of ports. It is, of course, necessary that objects, such as tall 
chimneys, spires, lighthouses, etc , used as signals, should be capable 
of identification on the map 

Temporary signals consist of poles, piles of stones, or white- 
washed marks on rocks. Unless the observations are made from 
short distances, ordinary ranging rods are too small, and longer 
poles of 2 to 4 in diameter, or battens, are required These are 
whitewashed or painted, and, if practicable, sufficient height should 
be given that they can be viewed against the sky They should 
be flagged, or have discs or spars nailed on at the top Different 
ranges may be distinguished from each other by using flags of various 
colours or by fixing timbers to form various geometrical figures, 
such as a triangle, cross, etc The reference number of each range is 
sometimes exhibited by nailing on spars to form Roman numerals 
when read laterally. 

It may happen that one at least of a pair of range signals has to 
be placed in the water If the depth is such as to preclude the 
erection of an ordinary signal, a short flag-pole may be attached 
to a float formed of a block of light wood weighted at the bottom 
and anchored in position The action of current in displacing the 
buoy may, however, lead to considerable error in the direction of 
the range If there is no tide, this error may be avoided by 
guying the float from three anchor boulders, but in tidal waters 
guying is troublesome, as the guys must be effective at low 
water If there is a considerable tidal range, a long flag-pole must 
be used, so that a sufficient length may show above the surface at 
high water 

Whitewashed marks are useful on rocky foreshores, and are 
suitable for observing to in making angular fixes from a boat 
For the accurate definition of ranges, it is generally inadvisable 
to use two such marks, unless they are at such elevations that 
they appear as one continuous line when viewed from a boat in 
the range. 

Sounding by Rod. — In the absence of strong current, soundings 
are taken by rod up to depths of 20 to 25 ft , beyond which the 
lead line is more convenient. Currents may reduce the limiting 
depth for rod sounding to 15 ft. 

Except when sounding through a well, the leadsman stands in 
the bow. He plunges the rod at a forward angle, depending on 
the speed of the boat, so that when it reaches the bottom it can 
be read in a vertical position. He must read the rod quickly owing 
to the onward motion of the boat, and the surveyor should satisfy 



HYDROGRAPHICAL SURVEYING 


435 


himself by a glance that the sounding as called is correct Unless 
samples are being collected, the rod is then simply allowed to 
float up loosely in the hand, and is grasped at the right place for 
the next stroke 

Sounding by Lead. — The leadsman in the bow of the boat heaves 
the lead forward such a distance that it will reach the bottom at 
the point where .the sounding is required As the boat progresses, 
he takes in the slack, so that the line or chain is vertical when being 
read The soundings are, for engineering purposes, read to J ft. 
by estimation As soon as the reading is called, the leadsman 
must coil in the line for the next cast in a manner which will prevent 
its becoming entangled. 

Spacing of Soundings.— Since the desideratum that observations 
should be made at points of change of slope is impossible of ful- 
filment, soundings should be so spaced that no important irregu- 
larity in the submarine surface will go unrecorded With this 
object, it IS best to sound along a senes of straight lines at right 
angles to the shore line, so that the successive contours may be 
intersected normally or nearly so 

The interval between lines of soundings and the spacing of the 
casts thereon depend primarily upon the object of the survey 
but also upon the nature of the bottom On a rocky foreshore the 
possibility of the existence of pinnacle rocks necessitates closer 
sounding than is required in the case of a soft bottom The spacing 
of soundings should not be made to depend altogether upon the 
intended scale of plotting, as the finished drawing may be nlade 
to exhibit only a selection of typical observations 

For general engineering purposes, 100 ft is the most common 
interval between lines of soundings, and the casts may be made at 
25 or 50 ft apart under favourable circumstances When close 
estimation of excavation is required, the lines may be as little as 
20 ft ajiart, with soundings at 10 It intervals 

When indication is obtained of a sudden inequality in the bottom, 
additional lines should be interpolated to locate its limits These 
lines are sometimes projected radially from a buoy marking the 
suspected position of the irregularity, the operation being termed 
starring On the other hand, the interval between casts may 
generally be increased with safety as the water deepens. 

Methods of Locating Soundings. — If the lines of soundings are 
defined by range signals to serve as steering marks, the position of 
the boat on the line can be determined by one measurement, linear 
or angular When the lines are not marked out, the boat is kept on 
an approximately straight course, and two observations are then 
necessary to locate its position from time to time Fix observations 
may be made . (a) entirely from the boat , (6) entirely from the 
shore ; (c) from both. 
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The methods of location are : 

(1) By cross rope. 

(2) By range and time -intervals. 

(3) By range and angle ffoin shore 

(4) By rarige and angle from boat 

(5) By intersecting rai)ges 

(6) By two angles from shore 

(7) By two angles from boat 

(8) By one angle from shore and one from boat 

(9) By tacheometry. 

Cross Rope Sounding. — The most accurate method of locating 
soundings is that by cross rope It involves stretching across the 
line of sounding a rope marked off by equidistant tags, the soundings 
being taken opposite the tags The method is very suitable foi 
sounding in harbours and across rivers if the sections do not exceed 
about 1,500 ft in length, but it can also be adapted to offshore 
work. 

The Cross Rope . — For short lines a hemp rope will serve the 
purpose, but it cannot be heavily stressed, and for lengths over 
500 ft. a steel strand wire rope of J to J-in. diameter should be 
used. Phosphor-bronze rope is much more durable, but more 
expensive. The tags are of brass or leather, and are marked with 
their distances from one end They arc spac(id at 10, 20, or 25 ft 
intervals. The rope is wound upon a reel, which is mounted in a 
boat called the reel boat, usually similar to the sounding boat 

Procedure . — The zero end of the cross rope is first made fast at 
one end of the section to a sjuke or other attachment previously 
located. The reel boat is then rowed across the line of sounding, 
unwinding the rope as it goes The course of the reel boat should 
be as straight as possible, and, if a range is not available in which 
the oarsmen can maintain themselves, their progress should be 
directed by the surveyor in the sounding boat waiting at the 
beginning of the section. If the reel boat is not rowed straight 
across the section, the uncoiled rope will lie in an irregular curve 
along the bottom, and will most probably foul when being tightened 
preparatory to sounding. On arrival of the reel boat at the other 
side, her anchor is taken ashore, and the men proceed td wind in 
the rope as tightly as possible. If anchoring is impracticable, 
the reel is taken ashore and spiked down. 

On receiving a signal, the sounding boat now starts to cross the 
section. The oars are shipped, and the oarsmen propel the boat 
by hauling on the cross rope As each tag approaches the man in 
the bow, he warns the leadsman, who takes the sounding when the 
mark reaches him. 

When a section is completed, the sounding boat is rowed to the 
starting-point of the next, while the reel boat proceeds back along 
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the line, winding in the rope This proves more expeditious than 
dragging the rope along the bottom to the next section line. 

Use of Floated Cross Rojpe — The rope, ir stead of being allowed to 
lie along the bottom as it is uncoiled, may be suspended from a 
series of floats These are usually pieces of light wood which are 
clipped on in the reel boat as the rope is first being paid out A 
float may be attached at each tag, and the 100 ft distances dis- 
tinguished by specially painted floats When the rope is tightened, 
the points at which soundings are required arc thus clearly visible. 
The sounding boat is propelled as before, but the rope is not taken 
on board. 

The advantages of this method, as compared with the previous 
one, arc ■ 

{a) The rope can be reeled in more tightly, so that the error due 
to vertical sag is reduced 

(b) It is more rapid, since, in changing from one section to the 
next, the rope need not be reeled up, as there is no chance of fouling 
the bottom 

It has, however, the disadvantages that 

(cr) It IS quite unsuitable for situations where the operations are 
liable to sudden interruption by shipping 

(6) The action of wind and current on the floats increases the 
lateral sag 

Cross JRopc Offshore Sounding —In calm weather or in sheltered 
situations, offshore sounding may be performed by cross rope with 
or without floats, provided the sections are comparatively short. 
The operations differ from those described above only in the manner 
of stretching the rope One end is fixed on shore, and the reel boat 
IS anchored at sea with the other end, or, alternatively, the seaward 
end of the rope may be attached to a buoy or simply anchored 

Location by Range and Time-intervals. — In this method the 
sounding boat is kept in range with two shore poles defining the 
section line, and is rowed at a uniform rate, the soundings being 
taken at regular time -intervals The method is not susceptible 
of great accuracy, but is useful in conjunction with other methods. 
It is seldom adopted alone except for comparatively short sections 
of known length, such as between the banks of a river or from a 
coast line to buoys of known position. If the total length of section 
is unknown, the precision of the method is greatly reduced on ac- 
count of the influence of wind and current on the speed of the boat. 

While proceeding along the section, the oarsmen must maintain 
a steady stroke so that equal time -intervals may correspond to 
equal distances The surveyor, watch in hand, warns the leads- 
man when to sound Alternatively, the soundings may be spaced 
by counting a constant number of oar strokes between each, or, 
in the case of a launch, a constant number of revolutions of the 
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screw. When the total length of section is known, it is only neces- 
sary, for purposes of plotting, to divide it out into a number of 
equal parts. When the distance is unknown, the speed of the boat 
or launch must be very carefully rated beforehand by travelling 
over a measured length and noting the average number of oar 
strokes to a given distance or the actual speeds of the launch 
corresponding to various engine speeds. 

Location by Range and Angle from Shore. — The boat is again 
steered in range with guide poles, and its position in the line is 

observed from a theodolite station 
on shore by measurement of its 
bearing or the angle between it 
and a located shore object The 
method is a useful one, capable 
of considerable precision, and 
proves simple in plotting It 
has the disadvantage that the 
surveyor in the boat has not 
the entire operations under his 
immediate control 

Some surveyors fix each sound- 
ing by an angle, but this is not 
recommended as the rapidity with 
which the angles have to be read 
and booked may necessitate a 
notekeeper at the instrument, and 
is very likely to lead to confusion. 
It is sufficient to locate, say, every 
tenth sounding by angle and the 
intermediates by time-intervals Fig 336 shows angular fixes 
applied only to the end soundings and one midway in each section, 
and illustrates the course of the boat, seaward and shoreward on 
alternate sections 

Suitable instrument stations should be set out, and their positions 
determined beforehand, due consideration being given to the 
quality of the intersections which will be made between the lines 
of sight and the range lines The nearer the intersection is to a 
right angle the better : a new instrument station should be occupied 
when the angle diminishes to about 30°. 

The routine of the instrument man on setting up at a station 
consists in first orienting on the back station or on a reference 
point which can be reproduced on the plan. The line of sight is 
then directed towards the leadsman or the bow of the boat, which 
has been brought into position at the start of the section. The 
signaller holds up a flag for a few seconds to warn the instrument 
man to prepare, and on the fall of the flag the sounding and angle 
are observed simultaneously. The telescope is kept pointing 
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towards the boat as it moves along the section, and the remaining 
angles are taken in the same way 

The recorder in the boat distinguishes in his notes those soundings 
which are fixed by angle, but in transcribing the angle book notes 
into the sounding book at the close of the day’s work, it may happen 
that there is difficulty in identifying particular angles. The possi- 
bility of confusion is eliminated if the time of each fix is noted both 
by the recorder and the instrument man, their watches having 
previously been compared. When frequent fixes are made on 
each section, the possibility of discrepancy between the records is 
increased, particularly through the omission of an angle observa- 
tion. The time check may then involve reading to seconds, and 
unless the instrument man has a notekeeper, his work becomes 
very hurried An alternative and satisfactory method for the 
detection of mistakes is to make suceessive signals by flags of 
different colours. At each fix, the colour is noted in the angle 
book and also by the recorder 

Notes — (1) If the lines of soundings have previously been drawn on the plan, 
suitable instrument stations may be selected, and note made of the sections 
to be dealt with from each so as to avoid acute intersections. 

(2) There is no check on the accuracy of the fixes other than that afforded 
by the time-interval location As a precaution, the instrument man, before 
leaving a station, should check las orientation by again sighting the reference 
point 

(3) It 18 unnecessary to read angles to parts of a minute In many cases 
it IS sufficient to estimate readings to the nearest 5 min without consulting 
the vernier. 

Location by Range and Angle from Boat —In principle .this 
method is similar to the last, but the angular fix is made between 
the range line and a shore object, and is observed from the boat by 
sextant (Fig 337) A compass bearing may take the place of the 
sextant angle, but proves less accurate 

The boat is rowed outwards and inwards on alternate sections 
as before Fixes are taken at the ends of the sections and at as 
many intermediate soundings as are considered necessary, but the 
majority of the soundings are located by time -intervals between 
the fixes In observing with the sextant, the telescope is directed 
on the range signals, and the side object is brought into coincidence. 

Compared with the previous system, this method has the ad- 
vantages that 

(1) The surveyor has better control of the work, since the party 
is not divided. Frequently the instrument man is dispensed with, 
and the angles are observed by the surveyor. 

(2) The angles are booked by the recorder directly they are 
measured, so that there is less probability of mistakes in booking. 

(3) At important fixes a second angle to another shore object 
may be observed as a check on the first when plotting (Fig. 337). 

(4) On one section different shore objects can be used in the 
various fixes so as to maintain good intersections throughout. 
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There is little to choose between the two methods as regards 
accuracy and ease of plotting 

Location by Intersecting Ranges. — Angular observations are 
avoided if the position of each sounding is defined by the inter- 
section of two ranges The method is suitable for the location of 
a few isolated soundings, and proves highly accurate if the inter- 
sections arc good 

The system is sometimes employed when it is required to deter- 
mine by periodical sounding the rate at which silting or scouring 



Fig 337 Fig 338 


is occurring at a place. For such observations it is essential that 
the repeated soundings should be made at the same spots, and 
permanent range signals arc established When applied to section 
sounding, as in Fig 338, precautions must be taken to obviate 
confusion between successive intersections, and a system of flagging 
the range poles is necessary. 

Location by Two Angles from Shore. — In this system the fix is 

made independent of a range by having simultaneous observations 
to the boat taken by theodolite from two shore stations, the sound- 
ings being located by the intersections of the sight lines . The method 
may be applied to the location of a few isolated soundings . if it 
is used on an extensive survey, the boat should be run on a series 
of approximate ranges 

The routine followed by the instrument men is similar to that 
adopted in locating by a range and one shore angle They must 
observe simultaneously on the fall of the signal flag in the boat, and 
should note their watch times. New instrument stations must be 


HYDROGRAPHICAL SURVEYING 441 

occupied by one or both observers when the intersection angle 
falls below about 30°. 

The principal merit of the system is the elimination of the pre- 
liminary work of setting out and erecting range signals It also 
avoids the difficulty, in localities where the currents are strong, 
of maintaining the boat exactly on a range. It is, however, a serious 
disadvantage that two instrument men are required on shore. 

Location by Two Angles from Boat.— By observation of the 
two angles subtended at the boat by three suitable shore objects 
of known position (Fig. 339), the boat can 
be located by solution of the three -point 
problem (page 445) This method is largely 
used, particularly when periodical soundings 
are not required. It not only possesses the 
merit of concentrating the party, as in the 
range and one boat angle method, but, if a 
sufficient number of landmarks are exhibited 
on an existing map, no preliminary shore 
work is required 

It IS important that the angles should be 
observed as nearly simultaneously as possible, particularly for large 
scale plotting, and the surveyor and the instrument man should 
each have a sextant If the surveyor is observing alone, he should 
allow as little time as possible to elapse between his observations 
by using two sextants, which are successively set to the angles and 
read afterwards If the boat is stopped, a check can be secured 
by measuring the total angle subtended by the extreme objects 
Refined reading is not required, but considerable care is necessary 
in selecting suitable reference points on shore (page 447) 

If the compass is used instead of the sextant, the position of the 
boat is defined by bearings to two shore objects, but with con- 
siderably less accuracy. 

Location by One Angle from Shore and One from Boat. — This 
combination of the last two methods is not much used For con- 
venience of plotting, one of the shore points sighted with the sextant 
should be the theodolite station. 

Location by Tacheometry. — A tacheometric observation on a 
staff held in the boat, since it gives the bearing and distance from 
a shore station, affords a simple method of location, which, however, 
can be used only in smooth water Soundings have been located 
with considerable precision in river work by simultaneous observa- 
tions from tacheometers on both banks. This fix affords a twofold 
check since each observation gives the position by angle and 
distance, while together they yield an intersection If the water is 
shallow over the area being sounded, the stadia rod may be dispensed 
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with by reading the intercept on the sounding rod at the moment 
it is held on the bottom. Instrument stations should be selected 
near the edge of the water so that no correction for vertical angles 
may be necessary 

Note-keeping. — Recorder's Notes . — These are entered in the 
sounding book, the form of which varies according to the system 
of location adopted. In any case columns are provided for measured 
depths, location observations, watch times, and remarks Columns 
are reserved for the subsequent entry of tide gauge readings from 
the gauge reader’s notes, reduction corrections, and the reduced 
soundings. 

The location measurements, if made from the boat, are simply 
entered as distances in the case of cross rope sounding (Fig. 340). 
With sextant observations, the shore stations must be sufficiently 
described, and the entries may be made in one column or separated 
as in Fig 348 

The times of start and finish of each section line must be noted, 
as well as those at which intervening fixes are observed. In cross 
rope sounding, one or more intermediate times are entered opposite 
the corresponding distances In cases of interruption or delay, 
the times of stoppage and resumption must be noted, and fixes 
made at these times Any ranges which intersect the line of 
sounding are remarked in their proper places, as this forms a useful 
check in plotting 

When the location is controlled from shore, the remarks column 
will show which soundings have been located, and, if successive 
signals are distinguished, the signals should be described 

Instrument Man's Notes — The record kept by an instrument 
man observing on shore includes the angles or bearings taken to 
the boat, their watch times, and a note of the colour of the dis- 
tinguishing signal Before leaving the ground, he should compare 
his entries with those in the sounding book for the discovery of 
possible discrepancies. 

Gauge Reader's Notes , — These simply consist of a list of the 
gauge x’eadings with the corresponding watch times It is usually 
sufficient to read to the nearest J ft. at intervals of 10 or 15 minutes, 
but in special cases readings may be taken to 0*1 ft., and observed 
every 5 minutes. 

Reduction of Soundings. — The object of reducing soundings 
is to convert the observed depths to the values they would have if 
measured from a water surface of unvarying and known elevation 
forming the datum of reduction. The reduced soundings are the 
reduced levels of the submarine surface in terms of the adopted 
datum. 

The datum most commonly used is the mean level of low water 
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of spring tides, written L.W.O.S.T. (low water, ordinary spring 
tides), or M.L W.S (mean low water, springs). The local value is 
adopted, as the datum has not a constant elevation over a wide 
area, but in practice this is no objection, and this datum is the most 
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useful one for navigational charts It is commonly worked to in 
engineering surveys, but not exclusively, and H.W.O.S T., mean 
sea level, or any arbitrary, but defined, datum, such as dock sill 
level, may be used instead. 

Reduction is performed by computing and applying corrections 
to the measured depths. In tideless waters a constant correction, 
equal to the difference of level between the actual water surface 
and the datum, could be applied to all the soundings of a series, 
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but in tidal waters the amount of correction changes with the 
varying water level as read on the tide gauge. 

Having interpolated the appropriate gauge readings, and entered 
them in the sounding book, the corrections are deduced as the 
differences between the gauge readings and the value of the datum 
as it would be indicated or the gauge These are entered as positive 
or negative quantities according as the latter is greater or smaller 
than the former. If, as is usual for engineering purposes, the reduced 
soundings arc to be expressed to J ft , corrections are applied for 
every I ft. variation of tide level, and the observations are corrected 
in groups corresponding to this variation 

Fig. 340 shows the reduction of a line of soundings located 
by cross rope. The datum of reduction is L W 0 S T., which 
corresponds to 6 ft. on the gauge used. The gauge readings were 
14 and 14 J at 10-0 and 10-10 a.m respectively, and the height 14 J is 
interpolated for 10-5 The corrections are olDtained by subtracting 
6 ft. from the gauge readings, the correction being applicable 
from the start of the section to 450 ft , which has been reached 
about midway between 10-5 and 10-10 The negative value of 
the first reduced sounding shows that point to be above the datum. 


PLOTTING SOUNDINGS 

Reduced soundings may be plotted in section form in the ordinary 
manner, provided the soundings have been taken in lines. This 
method of representing the variation in level of the bottom is re- 
quired in river work, and is sometimes used in marine surveying 
for the design of engineering works For navigational and general 
engineering purposes the reduced soundings are shown in plan. 
They are exhibited as spot depths, the values of the reduced sound- 
ings being written at the points representing their positions The 
interpolation of contours increases the value of the chart to the 
navigator, and is a necessity for engineering purposes, as the plan 
then exhibits the topography of the bottom, and is available for 
the calculation of volumes of dredging. 

Locating Soundings in Plan. — Having laid down the shore survey 
and from it the positions of landmarks and range signals, the 
section lines are drawn (in the case where the soundings have 
been taken in lines), and the positions of the soundings are spaced 
out. 

In plotting cross rope soundings to a large scale, vertical and 
lateral sag of the rope may occasion difficulty in spacing the sound- 
ings when the total length of section is known In such a case, the 
distance should be divided up into a number of equal parts corre- 
sponding with the number of soundings. If the recorder has noted 
the rope distance at which the line of section is cut by the range 
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of two landmarks represented on the plan, the spacing out can be 
performed in two parts with increased accuracy 

The plotting of angular fixes and intermediate soundings does 
not require explanation, except in the case of location by two 
sextant angles from the boat This is an application«of the three- 
point problem, and differs from its use in plane table surveying only 
in that the measured values of the two subtended angles are known. 

The Three-point Problem. — The problem may be stated Given 
three points A, B, and C, representing the shore signals, and the 
values a and h of the angles APB and BPC\ subtended by them at 
the boat P Required to plot P The problem may be solved 
mechanically, graphically, and analytically 

Mechanical Solutions. — (1) By Station Po^?^^er— The station 
pointer or three-arm protractor (Fig 341) consists of a graduated 
circle with one fixed and two movable arms, the fiducial edges of 



which pivot about the centre of graduation. The edge of the 
fixed arm passes through the zero division, and the movable arms 
can be set so that their fiducial edges subtend the observed angles 
with that of the fixed arm. For large scale plotting the arms can 
be extended by clamping on lengthening pieces. 
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To use the station pointer, set off the angles a and 6, and clamp 
the movable arms. Move the instrument over the plan until the 
bevelled edges of the three arms simultaneously touch the points 
A, B, and C. The centre o^ the protractor then marks the position 
of P, which ik recorded by a prick mark 

(2) By Tracing Paper Protractor. — On a piece of tracing paper 
protract a and h between three radiating lines from any point 
Apply the tracing paper to the plan, and move it aliout until A, B, 
and C simultaneously lie under the lines ; then prick through the 
point P at the apex of the angles 

Graphical Solutions. — (1) Join AB and BC (Fig 342), and at A and 
B set off AO and BO respectively, making angles of (90°— a) with 

AB on the side next P. From 
B and C similarly set off BO' 
and CO' at (90°— 2)) with BC 
With centre 0, describe a 
circle through A and B, and, 
with centre O', describe a 
circle through B and C The 
intersection P of the two 
circles is the point sought, for 
angle APB at the circumfer- 
ence JAOB at the centre 
on the same chord But 
AOB = 2a, so that APB = a 
similarly, BPC = h. 

Note — Observed angles exceed- 
ing 90“ have their excess over 90° 
set off on the side of AB or BC 
remote from P. 

(2) Join AB and BC (Fig. 
343), and from B set off BI) 
and BE making angles of 
(90°— a) and (90°— 6) with BA and BC respectively and on the side 
next P. From A erect a perpendicular to AB to cut BD at D, 
and from C a perpendicular to CB to cut BE at E Join DE. 
From B drop a perpendicular BP on DE This will intersect DE 
at the required point P, for the quadrilaterals BADP and BCEP 
can be circumscribed by the circles used in the previous construc- 
tion, so that APB = ADB = a, and BPC = BEC = h. 

Note — Observed angles exceeding 90° have their excess over 90° set off 
on the side of AB or BC remote from P. 

(3) Join AC (Fig. 344), and at A set off AD, making CAD = 6 on 
the side remote from P From C similarly set off CD, making 
ACD= a. Let these lines intersect at D. Join DB. The circum- 
scribing circle through A, D, and C cuts DB, produced if necessary, 
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at P, for APD = ACD = a, since they are circumferential angles in 
the same segment ; similarly, DPC = h 

In place of drawing the circumscribing circle, it is more con- 
venient to set off a and h on either side of any point on DB and to 
draw through A and C parallels to these lines to intersect at P. 


D 



Fig 344 



Analsdical Solution. — Given the lengths AB and BC and angles 
a, 6, and c, the values u and v of angles BAP and BCP and the 
distances AP, BP, and CP may be computed trigonometrically 
(Fig 345) 


By sine ratio, BP = 


AB sin u BC sin v 


sin a sin h * 

but u-\-v = (360°— (a+6+c)) = say, 5, so that, by substitution, 
AB sin u BC sin (s—u) BC (sin 5 cos u— cos s sin u) 
sin h sin b 


sin a 


whence 


^ AB sin 6 

cot u = — ^ h cot s 

BC sin a sin s 

Angle V IS now obtainable as (5— w), and AP, BP, and CP by sine 
ratio 


The Indeterminate Case. — If A, B, C, and P can be circumscribed 
by a circle, any point on the arc on which P lies subtends with AB 
and BC the observed angles a and 6, and the position of P is in- 
determinate In this case it will be found that a station pointer or 
tracing paper protractor can be moved about on the plan without 
swinging the legs off A, B, and C In geometrical plotting the two 
circles of Fig. 342 merge into one, D and E coincide in Fig. 343, as 
do D and B in Fig. 344. Since 5= 180°, the analytical method 
yields the indeterminate result that cot u= (oc — oc), 

Care must therefore be exercised to select for observation such 
shore stations that the circumference of the circle through them 
will not pass through the boat. 
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Strength of Fix. — If P is near the circumference of the circum- 
scribing circle ABC, the fix, although theoretically determinate, is 
uhsatisfactory, since errors of observation and plotting have then 
considerable effect in displacing P Bad fixing is evidenced when 
in using the station pointer a small movement of the circle can be 
made without appreciably affecting the contact of the arms with 
A, B, and C (so that the experienced draughtsman finds the plotting 
of such a fix troublesome, while the beginner finds it simple). 
Bad fixes are indicated in th(‘ geometrical constructions by oblique 
intersection of the circles of Fig 342, by D and E falling close 
together in Fig 343, and by D falling near B in Fig 344 If plotting 
is carried on at sea, bad fixes can be discovered at once and elimin- 
ated by check observations Otherwise, the surveyor must exercise 
care in the scle'ction of shore objects from whi(‘h to fix, and the 
following precepts will serve as a guide 

Good fixes are in general obtained 

(1) When the three olqects he on a straight line or on a curve 
convex to the observc^r, the middle object being nearest, provided 
the angles are not both less than 30°. 

(2) When the three objects lie on a curve concave to the observer, 
provided (a) the observer is within the tnangk' formed by them, 
(b) they are practically equidistant from the observer, and the 
observed angles are not less than 60°, (c) the observer is well outside 
the circumscribing circle 

(3) When one of the outside objects is much more distant than 
the others, and the angle between the near objects is much greater 
than that between the middle and remote objects 

F inishing the Sounding Plan. —The values of the reduced sound- 
ings are written up neatly in black on the points representing their 
respective positions In engineering plans they are given to the 
nearest J ft , and in navigational charts to the nearest foot or J 
fathom If the scale docs not permit of showing all the soundings 
clearly, a selection is made, keeping in view the importance of the 
shallower soundings, and the sounding book is kept for reference 

Contour lines are interpolated amongst the figures in the usual 
manner Since the submarine surface is in general characterised 
by flatter slopes than obtain on land, a smaller contour interval is 
necessary to exhibit its form The Admiralty charts display con- 
tours at 1, 2, 3, 4, 5, 6, 10, 20, 50, and 100 fathoms, but for en- 
gineering purposes contours are usually shown at 2 ft or 3 ft 
intervals, while on large scale plans an interval of 1 ft is sometimes 
adopted. 

The contours are first sketched in pencil, and their positions 
relative to the soundings are verified by re-examination A careful 
inspection should be made for indications of suspicious areas, 
and additional soundings may be required to remove uncertainty 
regarding the direction of contours where sudden inequalities occur 
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between sections Finally, the contours are inked in with Prussian 
blue An effective method of colouring the water area consists in 
applying successiv^e washes of pale Prussian blue to the areas con- 
tained within each contour, so that the tint is gradually deepened 
towards the deeper zones 

THE SURVEY OF TIDAL CURRENTS 

Observations of the direction and velocity of tidal currents have 
to be undertaken by the engineer in connection with certain harbour 
and coast protection projects They are also ieq[uired to aid in the 
selection of suitable points at which to discharge crude sewage 
into tidal waters, to ensure its being carried seawards Such 
observations must be made at all states of the tide, and a complete 
set should thendore extend over a series of spring and neap tides 

Methods. — The most satisfactory method of ascertaining the 
direction and vidoeity of the tidal stream over an area is by im- 
mersing floats, which drift with the current, and are located from 
time to time If, howevcT, it is required to determine the charac- 
teristics of a current at a particular point, the measurements may be 
made by currmit meter (])age 457) A form of meter suitable for 
marine work is fitted with a compass which can be locked before 
the meter is brought up, and wdiieh registers the 
direction of the current. Description of meter 
observations is reserved for 
^ y-y page 459 

Floats. — The requirements of 
a float for tidal current ob- 
servations are that (1) it should 
b(* carri(‘d along by the sub- 
surface current, and theieforc 
should present as little surface 
as possible to the action of 
wind and waves, (2) it should 
be easily identified from a 
distance | # • t 

Fig 340 show\s a wooden rod 
float, 3 or 4 ft in length, and 
Fig 346 weighted at the bottom with ji'jQ 347. 

Kod Float sheet lead The double float Doublk Float. 
of Fig. 347 consists of a surface 

float from which is suspended a perforated cylinder The float 
and cylinder are of sheet iron, and the chain or wire connecting 
them IS made adjustable m length so that the direction and 
velocity of a current at various depths may be indicated. A pail 
IS a useful substitute for the cylinder shown. It may be loaded 
with stones until the float is nearly submerged. Flags attached 
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to floats should not be larger than is strictly necessary : different 
colours should be used as a means of distinguishing the various 
floats of a series. 

Surveying Course of Float. — The position of a flof»t at various 
points of its course can be measured • (1) by two angles from a boat 
alongside the float ; (2) by an angle from the boat and one from 
the shore ; (3) by two angles from the shore The first method is 
the most satisfactory, and is that usually adopted The others are 
not recommended, as it is difficult to secure simultaneous observa- 
tions unless the sea is very smooth 

If the object of the survey is to ascertain the characteristics 
of the current at a particular point, successive floats are placed 
in the water on the upstream side of the point at intervals of about 
half an hour If the survey is to extend over a considerable area, 
the floats must be placed at different distances from the shore 
In cither case, the boat or launch takes up a position alongside 
each in turn, and sextant angles to three shore objects are observed 
at each position, the time of each observation being noted When 
the floats are moving steadily, it is sufficient to observe their 
positions at about 1 hour intervals, but at the time of change of 
current they should be located every 15 minutes or so to define 
clearly the period of flood or ebb tide 

Notekeeping. — The notes will include not only the results of the 
sextant observations, but also a record of the wind, weather, and 
tidal conditions during the survey, as these are necessary for the 
interpretation of the results Fig 348 shows a form of field book pro- 
vided with columns for the entering up of the computed velocities. 
A separate page is reserved for each float being followed The 
appropriate tide gauge readings are subsequently entered from 
the gauge reader’s notes. 

Plotting and Reducing. — The sextant fixes are plotted mechanic- 
ally or geometrically. From the scaled distances between the 
points so obtained and the watch times of the fixes, the speed of 
the current from point to point is computed, the results usually 
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being expressed in knots (of 6,080 ft per hour) The speeds are 
recorded in the current book, and arc also written up in plan as 
shown in Fig 349 It is useful to have the tide curv^es for the 
period of the observations plotted for reference 


STREAM MEASUREMENT 


The measurement of stream discharge is an operation which 
falls to be performed by the engineer in connection with the design 
of water supply, irrigation, and power schemes For certain special 
purposes a single measurement may be all that is required, but, 
since stream flow fluctuates from day to day, costly mistakes 
may occur by basing designs on insufficient observations A com- 
plete investigation should extend over a considerable period, and 
should include measurements of the maximum and minimum flow 
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and the duration of each at a time. 

Methods. — The methods of measuring the discharge of 
a stream at a place may be classed as follows 

(1) By measuring the area of cross section of the stream 
at the place and determining the mean velocity of flow 

(2) By introducing a weir or dam across the stream and 
observing the head 

(3) By chemical means 

The results are most commonly expressed in cubic feet 
per second or gallons jier minute or per day. 

Gauges. — For the comx)arison of measurements made 
at different times, the result of an observation should be 
accompanied by a statement of the stage of the stream 
in terms of the (de\ation of its surface at the jilace This 
IS obtained from the reading of a gauge erected at the 
discharge station and connected by careful levelling to a 
jicrmanent bench mark 

Jn its sinijilest form the gaug(' may consist of a stake 
firmly driven into the bed and carrying a nail of known 
level from which measurements are made to the water 
sujface Otherwise, the gauge takes one of the forms 
described on Jiage 426, but with the graduation sufficiently 
close to enable readings to be estimated to 0 01 ft if 
required The float gauge is particularly useful Oscilla- 
tions of the water arc most effectively damped out by 
admitting the water to the float chamber through a cock, 
and refined readings may then be made against a vernier 
fixed on top of the chamber The self -registering form 
IS sometimes used to obtain a continuous record of stage. 
The most precise reading is possible by the use of the 
hook gauge (Fig 350), which is employed in refined 
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observations for the measurement of small heads over weirs The 
sharp-pointed hook is carried by a scale which can be moved 
relatively to a fixed index and vernier by means of a screw To 
take a reading, the hook is lowered into the water, and is then 
slowly raised by the screw until the point just touches the surface 
The reading can be estimated to the nearest 0 001 ft , if the water 
surface at the hook is thoroughly protected from wavi^ action 

AREA-VELOCITY METHOD OF DLS(^HARGE 
MEASUREMENT 

To avoid abnormal results, the site at which the measurement is 
to be made —called the discharge station — must be selected so 
that the stream lines are as regular as possible The stream should 
be nearly straight for some distance on either side of the station, 
and the channel should be free from obstructions, and have its bed 
fairly uniform in shape and character 

The cross S(‘ction is measured by ordinary levelling or by sounding. 
Soundings are located by cross rope or by means of a steel tape 
stretched across the stream, and are taken at intervals of from 2 ft. 
upwards It the width is great, location by the midhods used in 
offshore sounding (page 435) will be requir(‘d It is advisable to 
check the results by making the measurements twice 

The average velocity of the current is obtained 

(1) Jiy means of floats 

(2) Ry current meter 

(3) By calculation from the measured inclination of the surface 

Distribution of Velocity, — TIk^ velocity of the stream lines vanes 
throughout th(‘ cross section in a inarnuu’ deyiending upon the shape 
of the section, the roughness of the bed, and the depth of Abater A 
typical distribution of velocity over the cross section is illustrated 

'0 ^ 77 <1(1 7'i I'o 

m Ft per See 

Fig 311 

in Fig 351 by means of curves of equal velocity The minimum 
velocity occurs at the bed, due to the retardation produced by 
friction the maximum velocity occurs a little beloA\ the surface 
and away from the banks 

Fig 352 shows the typical manner m which velocity is distributed 
along a vertical Observation of numerous streams shows that the 
curve approximates to a parabola the axis of which is horizontal 
and coincides with the stream line of maximum velocity. This 
line is usually situated between the surface and 0-3 of the depth 
at the vertical, and approaches the surface as the depth decf eases. 
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In the case of moderately smooth channels, the mean velocity along 
the vertical has a value of from 0-7 to 0-95 of that of the surface, 
the coefficient increasing* with increase of velocity and depth The 
ratio IS less t^an 0-7 for channels having very rough beds or much 

obstructed by weeds The stream 
line having a velocity equal to 
the mean velocity in the vertical 
occurs at about 0-6 of the depth 
The mean velocity is also closely 
given by the mean of the veloci- 
ties at 0 2 and 0-8 of the depth 
These figures are applicable to 
normal cases only The distri- 
bution of velocity is changed if 
the stream is covered with ice 
or if the water is being drawn 
through a sluice 

The distribution of surface 
velocity or of mean velocity in 
the verticals from one side of the 
stream to the other depends 
upon the shape of the cross 
section If the bed were very 
regular, the variation would 
approach that of a parabolic law with the maximum velocity in 
mid-stream Practically, the distribution of velocity across a 
stream cannot be satisfactorily predicted In order to measure the 
mean velocity throughout the cross section by floats or meter, it 
IS therefore necessary to divide the area into a number of sections 
bounded by verticals and to measure the mean velocity in each 

Floats. — Floats may be classified as {a) surface floats, (b) double 
or sub -surface floats, (c) rod floats. 

Surface Floats — Surface floats are most commonly employed, 
but they should not be used in wind They are particularly suitable 
for ropgh determinations and for gauging streams in high flood, 
when the use of other methods is difficult. Where the course of the 
float will be easily seen, it is sufficient to use a flat piece of wood or 
a corked bottle weighted so that the surface exposed to the wind is 
not toO' great. In circumstances where such objects are difficult to 
observe, a larger sealed vessel carrying a flag should be used. 

Double Floats — The form of double float of Fig 347, as employed 
in sea work, is suitable for use in deep rivers, but the chain should 
be replaced by a thin wire to present a minimum of area to the 
action of stream lines of different velocity from those at the depth 
of the submerged float Even so, when the sub -surface float is 
adjusted to the required depth, such as that of mean velocity, 
the indications are likely to be affected by the speed of the surface 
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float and by the exposed area of the wire when the depth is great. 
Such floats are unsuitable for use on small streams. 

Rod Floats . — These consist of wooden rods or hollow tubes 
weighted at the bottom so that they float vertically with only a 
short length exposed above the surface of the water. The total 
length is such that the clearance between the lower end and the bed 
of the stream IS as small as can be secured without danger of fouling 
the bottom. A number of rods of different lengths is required to 
suit the various depths across the stream. Rod floats are intended 
to indicate directly the mean velocity in the vertical, but are 
likely to give too large results because, on account of the necessary 
clearance at the bottom, they are not acted upon by the stream 
lines of least velocity. This error is greatest, and rod floats are 
unsuitable, when the bed is irregular, since the clearance is then 
excessive over part of the run Francis investigated the effect of 
clearance in the case of a rectangular channel, and deduced the 
formula, / 

116 

where Vn^ = the mean velocity in the vertical of the rod, 

Vj. = the velocity of the rod, 
c = the clearance, 
d = the depth of the stream 

Rods are likel}^ to give better results than other types of float. 
They are very satisfactory if the bed is smooth, as in artificial 
channels. 

Measurement by Floats. Field Work. — To measure velocity by 
means of a float, observation is made of the time it takes to travel 
a measured distance down the stream. A base line is set out on 
one bank as nearly as possible jiarallel to the axis of the channel, 
and of length from 50 to 300 ft At each end a line is set out across 
the stream at right angles to the base, and is marked by ranging 
poles or, in narrow streams, by a rope. The cross section of the 
stream is measured at each of these ranges, and, if the base length 
exceeds 100 ft , intermediate cross sections are taken at equal 
intervals of 50 or 100 ft The area to be used in computing the 
discharge is the average area over the length of the run 

To determine the mean velocity, a number of float observations 
IS required at different points across the width of the stream. When 
the ends of the run are marked by ropes, distances from one bank 
are conveniently marked by means of equidistant tags affixed to 
the ropes When rod floats are used, it will be necessary to select 
lengths to suit the depth of water in which each run will be made. 
In the case of double floats, the wire must be adjusted so that the 
centre of the immersed float is situated at 0-6 of the depth. The 
float is placed in the water at some distance above the upper range, 
and, when it crosses that range, the time is taken, and note i^ made 
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of the position of the float relatively to the tags The same obser- 
vations are made when it reaches the lower range The time of 
the run is sometimes tqjcen by stop watch The operations arc 
repeated with the float at .various positions from one bank to the 
other 

If the stream is too w^de to be spanned by a rope, the passage 
of the float across a range is timed by sighting along the marking 
poles For the greatest accuracy a theodolite^ is ust^d The distance 
of the float from the bank as it crosses each range is determined by 
angular observation A theodolite or other angular instrument is 
used at the mid-point of the liase line or at any other point whose 
position is obtained from the base line and from which good inter- 
sections are available on the ranges As the float ap])roaeh(\s the 
upper range, the line of sight is kept upon it, and, when it crosses 
the range, an assistant stationed there makes a signal, at which 
the bearing of the float is read Both observers should take the 
watch time The assistant then proceeds to the lower end of the 
base, and the float is again located and timed at its passage across 
the second range Alteriiativ’^ely, a theodolit(‘ is set up at each end 
of the base The observer at the upper one signals the instant 
of the passage of the float across that range, and the other locates 
it as before At the lower range tlu^ duties of the observers are 
reversed In the case of very wide rivers, the location of floats is 
best performed by sextant observations from a boat as in tide work 

Measurement by Floats, Calculation of Discharge. — The mean 
cros^s section throughout the run is first determined from the results 
of the section measurements at the U])per and lower ranges and at 
the intermediate positions, if any Since the ^\ldth of the stream 
should be nearly constant over the base length, the same number 
of observations usually defines the form of the bc'd at each cross 
section Each cross-sectional area is tliendore divisible into the 
same number of trapezia, the parallel sides of which ar(‘ the observed 
depths, and their width the constant distance between the soundings 
Triangles may take the place of trapezia at the sides, and the width 
of the^e may vary from one section to another The dimensions 
of the partial areas for an average cross section are readily obtained 
by averaging the dimensions of the corresponding areas of the 
individual sections 

The Koxt step is to obtain the mean velocity throughout each of 
those partial areas The velocity of a float is the distance between 
the ranges divided by th(' time of run, notwithstanding that the 
path of the float may not be parallel to the base line. In the case 
of a surface float, the mean velocity in the vertical throughout its 
path is obtained by multiplying the velocity of the float by a 
coefficient of from 0 7 to ()-95 according to the conditions (page 453), 
but surface floats should not be used unless the value of this factor 
can be carefully determined, preferably by means of a current meter. 
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The velocity thus derived represents the mean velocity in the 
average cross section along a vertical whose position in the width 
of the stream is the corresponding mean position of the float through- 
out its run This is obtained by averaging the observed positions 
of the float at which it passed the two ranges 

On a base representing the width of the stream the average 
positions of the different runs are set off, and from them ordinates 
are erected to represent the mean velocities given by the floats 
The resulting curve exhibits the variation of mean velocity across 
the stream, and is utilised to interpolate the value of the mean 
velocity for each partial area These are represented by the 
ordinates corresponding to the positions of the centroids of the 
areas, which in the case of trapezia may usually be taken with 
sufficient accuracy at the middle of their width The product of 
each partial area hy its mean velocity gives the discharge through 
each section, the sum of which is the discharge of the stream 

The Current Meter. — As a means of measuring the velocity of 
flowing water, the current meter (Fig 353) proves more convenient 



than floats, and with careful usage gives better results Various 
forms difler considerably in detail, but the instrument consists 
essentially of a spindle mounted on a fork and carrying a wheel 
with cup-shaped or helical vanes, which is rotated by the action 
of the flowing water The spindle is vertical in some forms and 
horizontal in others, and is constructed to rotate with a minimum 
of friction The number of revolutions made by the wheel during 
the time the meter is in operation is recorded by gearing or, other 
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means. The instrument is suspended by a rope, wire, or jointed 
tube, and the weight of the mechanism is balanced by a two- or 
four-bladed tail, which j^eeps the instrument facing the current. 
A lead weight may be hxed^ at the bottom to assist in maintaining 
the meter iri position. The weight is sometimes made torpedo 
shaped, and may be provided with a rear blade Provision is made 
for the attachment of additional weights when the instrument is 
used in swift currents 

Several methods are employed for counting the revolutions of 
the wheel In a simple form of meter the number of revolutions 
IS shown on a dial on the instrument itself When the meter is 
immersed at the required depth, the recording mechanism is 
thrown into gear by the operator pulling a cord. After a noted 
interval it is released by a similar pull, and the meter is then drawn 
to the surface and read. It is usually more convenient to be able 
to note the revolutions without having to pull up the meter at 
every observation, and this is effected in various ways In the 
acoustic type the gearing is so arranged that a tap is made at 
every fifth or tenth revolution, and the sound is communicated to 
the observer through a tube In the electrical type the revolutions 

arc indicated by a sounder consisting 
either of a telephone receiver or a 
buzzer. For prolonged observations and 
high velocities electrical registration is 
most convenient, the revolutions being 
recorded upon a dial or dials above the 
surface. 

Rating Current Meters. — Since the 
results given by meter represent the 
number of revolutions in a given time, 
it is necessary to know the relationship 
between the velocity of the current and 
the number of revolutions per second 
made by the meter. This ratio is obtained 
by rating the meter. 

Rating IS performed by running the 
meter at a uniform speed through still 
water over a measured distance and 
noting the number of revolutions and 
the time taken. Runs are made at speeds 
varying from the least which will cause 
Reuolutions per Second the wheel to rotate to the greatest likely 
Fio. 354 — Meter to be encountered in gauging. At 
Rating Curve. specially equipped laboratories or rating 

stations the meter is suspended from a 
trolley, which is run at a sensibly uniform speed. In ordinary 
practice, rating is usually performed by hanging the meter from 
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the prow of a dinghy, which is towed repeatedly along the course 
at different speeds 

On plotting the mean velocities of the runs against the revolu- 
tions per second, a curve similar to that jf Fig 354 is obtained. For 
all meters the curve is practically a straight line, and is taken as 
such. The slope depends upon the type of meter The ordinate 
corresponding to zero revolutions represents the velocity of current 
required to overcome initial friction and start the wheel From 
the rating curve the velocity corresponding to any observed number 
of revolutions per second can readily be obtained 

In place of using the curve directly in the reduction of observa- 
tions, it IS more convenient to prepare a rating table giving velocities 
corresponding to revolutions per second This is compiled from 
the equation, V = c^R-^rC^, 

where V — the velocity of the current in feet per sec , 

R = the number of revolutions per sec , 
c^, Cj = constants, the former representing the slope of the curve, 
and the latter the ordinate for zero revolutions. 

The constants are obtained from the curve, or their most probable 
values may be computed directly from the rating observations. 

Use of Current Meter. — In measuring discharge from velocities 
taken by current meter, one cross section only is required It is 
divided into partial areas as before, and the meter is used at different 
points across the width to give the mean velocity over each ewea. 
The velocity determinations are made either by using the meter 
in the verticals of the centroids of the partial areas or by taking 
observations at any points across the width, fixing their positions 
by angles or on a cross rope, and interpolating the values for the 
partial areas 

If the water is sufficiently shallow, observations can be secured 
by wading, the meter being fixed to a graduated rod If there is 
a bridge conveniently near, and situated on a straight reach of the 
stream suitable for a discharge station, the meter should be sus- 
pended from successive points along it Otherwise, the ooserva- 
tions are made from a boat, or, if repeated measurements are 
required, a cableway may be thrown across the stream, and obser- 
vations taken from a suspended car or platform. When auboat is 
used, the meter is attached to a rod or tube which is held vertically 
and clear of the prow When the depth is considerable, the meter 
is suspended by a wire or rope, preferably from an outrigger provided 
with a pulley. The boat is headed upstream, and attention must 
be paid to keeping in the range at each observation. Unless the 
width is too great, the boat is brought into position and held 
against the current by ropes from each bank. 

In taking an observation with the meter, the sounding |s first 
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taken, and the meter is then lowered to the required depth If 
the meter is one in which the recording mechanism is thrown into 
and out of gear by a cprd, the interval between the two pulls is 
measured by means of ap ordinary or stop watch and entered 
against the /evolutions shown by the dial With acoustic or electric 
meters, the count may ^be taken over two periods of one or two 
minutes each 

The object of the meter observations is to ast;ertain the mean 
velocity in the verticals at various distances across the width of 
the stream DifTerent systems of measurement are available, 
according as one or several observations are madt' in each vertical 
or the integration method is adopted 

Simjle Ohsvrvaiions — Single observations are taken either at the 
surface or at the de})th of mean velocity Surface measurements 
are not usually made in normal eases, but the method is useful 
111 swift currents and in times of flood, when it is difficult to main- 
tain the meter in a desired position much below the surface In 
taking the observation, the meter is held six inches or more below 
the surface in order that it may be wholly submerged and below the 
wave line The mean velocity in the vertical is deduced by multi- 
plying the observed result by a cciefficient having an average value 
of 0-9 

Mean velocity is obtained dir(‘ctly by immersing the meter to a 
depth of 0-6 of the depth of the vertical This method is commonly 
used in ordinary circumstances, and, although the ratio, O-O, is 
only an average value, the accuracy of the results is sufficient for 
mofet practical purposes 

Multiple Ohservaiiom — The best results are obtained by making 
measurements at a sulHcient number of points in the vertical to 
enable the vcdocily curve to be plotted similarly to Fig 3o2 The 
area contained between the complete curve and the d(‘pth axis 
divided by the total dejith equals the mean velocity This method 
is too laborious for ordinary measurements, but is that required 
in the evaluation of coefficients for the reduction of single point 
observations 


Good results are obtained by two observations in each vertical 
These should be made at 0-2 and ()’8 of the depth of the vertical, 
the mean of the results giving a close approximation to the mean 


velocity 


Integration Method . — In this method the meter is moved slowly 
and at a uniform rate along the vertical from th(‘ surface and back, 
the number of revolutions and time being observed The meter 
is thus exposed to all the velocities in the vertical, and these are 
integrated and averaged mechanically in the result Certain types 
of meter arc not quite suited to the method since the vertical 
motion, unless very slow, causes the wheel to revolve. The correc- 
tion to be applied to the indications of such meters may, however, 
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be ascertained by moving the meter vertically at the same uniform 
speed through still water. 

The integration method is sometimes extended to give the 
mean velocity over an entire cross 
section The meter is moved up anci 
down at an angle of about 45° to the 
horizontal from one bank to the other 
and back (Fig 355) This system is suitable for the rapid gauging 
of streams of moderate depth 

Measurement by Current Meter. Calculation of Discharge. — 

Exeept when the method of Fig 355 is employed, the total discharge 
IS obtained as the sum of the discharges through the partial areas 
into which the soundings divide the cross section The mean 
velocities over those areas, if not directly observed, are derived by 
interpolation in the same manner as described for float measure- 
ments (x^age 456) In the case where the integration method is 
apxilied to give the mean velocity for the entire cross section, the 
discharge is simply the y^foduct of the observed velocity by the 
cross-sectional area 

Thrupp’s Ripple Method. — If a high degree of accuracy is not 
required in discharge measurements, rayiid determinations may be 
made from surface velocities observed by the method dcscribegl by 
Mr E CJ Thruyip * It is based uyioii the circumstance that, if a 

small obstruction is jilaced in the 
surface of a stream, nyiples are 
formed if the velocity exceeds about 
{) 111 per sec , and, as the velocity 
increases, the angle between the. 
diverging lines of ripples becomes 
more acute To afford a simple 
means of measuring the rate of 
divergence, Mr Thrupp used two 
3-in wire nails — about |-in in 
diameter — at a fixed distance d 
ajiart (Fig 356), and found that the 
Fit} 35G velocity could be derived from the 

distance I from the base line so 
formed to the point of intersection of the last npyiles He obtained 
for the velocity in ft. per sec, 

V = 0-40 + 0-206 1 for d = 6 in , 

F= 0-40 +0-28 for d= 4 in, 

where I is measured in inches. 

The method would appear to be quite as accurate as that Oi 
surface floats and much more convenient. 




Ftq 355 


* Mill. Proc. Inst. C.E , Vol. CLXVIl, P- 217, 
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Velocity by Pormula.-^-In this method of estimating discharge — 
sometimes known as the slope method — measurement is made 
of the average cross-sectional area of the stream on a straight 
reach as well as of the longitudinal inclination of the water surface. 
To obtain th*' mean velocity of the stream, the formula in general 
use is that deduced by Chezy, viz , 

F — cVri, 

where V = the velocity in ft per sec , 
r= the hydraulic mean depth, 

^ = the inclination of the water surface, 
c = a variable coefficient 

The hydraulic mean depth, or hydraulic radius, is the cross- 
sectional area of the stream divided by the wetted perimeter or 
length of bed under water The inclination is the ratio of the fall 
in a measured distance to that distance The value of the coefficient 
c depends principally upon the roughness of the bed, but also upon 
the inclination and hydraulic mean depth Jn practice, the value 
of c IS commonly derived from tables or diagrams based upon 
the formula of Kutter and Ganguillet, viz , 

,,,, , 1-811 . 0 00281 
n i 

V i / y r 

in which the coefficient n depends upon the character of the bed. 
The value of n varies from 0 020 for irrigation canals with well- 
trimmed beds in perfect condition to over 0-035 for canals in very 
bad order with much weed and stones For rivers very uniform in 
alignment, slope, and cross section, and with a smooth sandy or 
gravel bed, n is taken as 0-025 As the irregularities of the bed, etc. 
increase, n increases to 0-035, and may reach 0 050 if there is an 
excessive amount of weed or in the case of torrents bringing down 
much detritus. 

In estimating discharge by formula, a straight reach of river 
should be selected with as nearly uniform a cross section as possible 
The fali and the distance between the points at which it is measured 
should be sufficiently great that the inclination can be determined 
without serious error. Cross sections are taken at intervals along 
this distance, and an average section is deduced. The slope of the 
water surface is measured by simultaneous readings of gauges placed 
one at each end of the reach and similarly situated with respect to 
the current. Gauge readings are taken to 0-01 ft., and the zeros of 
the gauges are connected by careful levelling 

The results obtained by the slope method are inferior in precision 
to those in which the velocity is actually observed, principally on 
account of uncertainty in assigning a suitable coefficient in the for- 
mula and in measuring the slope. The method, however, is useful 
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in making an isolated rough estimate of ilood discharge from the 
flood marks left on the banks. 


WEIR METHOD OF DISCHARGE MEASUREMENT 

A weir is an artificial barrier built across a stream, which flows 
over it in a cascade of definite form, from the dimensions of which 
the discharge is computed. The weir method is specially applicable 
to the gauging of small streams when accurate results are required. 
The cost of construction usually prohibits its use on large streams, 
but in such cases existing dams are sometimes utilised in a similar 
manner 

Varieties of Weirs. — The various forms of weirs differ in certain 
particulars affecting the rate of discharge over them. 

Crest — Weirs constructed specially for the measurement of 
stream flow are of the sharp-crested type. In these, the crest, or 
edge over which the flow takes place, is virtually a line In the case 
of dams or broad-crested weirs, the water passes over a surface, and 
a different condition of flow obtains. 

Shape of Opening — The opening or notch through which the water 
flows may be of rectangular, triangular, trapezoidal, or stepped 
form (Fig. 357) The rectangular weir is that most commonly psed 
in stream gauging, the length of the notch being at 
least three times the head of water over it Other 
forms provide for an increase in the breadth of the 
flow as the discharge increases The triangular or 
V-shaped notch has the merit of giving a constant 
shape to the issuing stream at all heads It is well 
adapted for the accurate measurement of small 
discharges, but is not so suitable as the rectangular 
form for use in very shallow streams The trape- 
zoidal form with side slopes of 1 in 4 was proposed 
by Cippoletti with a view to balancing by the 
increase of breadth upwards the loss due to in- 
creased contraction with increased head. The 
ste'pped form is designed to yield good measure- 
ments in dry weather and in flood The centre 
notch is sufficiently small that the minimum flow 
can be measured with greater accuracy than is 
possible with a very small head over a long crest. 

End Contractions . — The form of the stream issuing from a rec- 
tangular notch depends greatly upon the position and size of the 
opening relatively to the cross section of the channel on the upstream 
side. In Fig. 358, which represents the most common arrangement, 
the breadth of opening or length of crest is less than that of the 
stream. The stream lines at the sides are sharply curved, with the 
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result that the stream is contracted in width just after passing over 
the notch Such a weir is said to have end contractions When, as 
in Fig 359, the breadth of the weir is the sanu' as that of the 


Fig 358 Fig 359 

WpJIli WITH KnG CoNTRACTIOTSrS WeIR WITHOLT FnH CONTRACTIONS 

approaching stream, the weir is without end contractions Inter- 
mediate conditions arise when insufficient room between thcj sides 
of the notch and those of the stream prevent the proper develop- 
ment of the curved stream lines, and the end contractions are then 
incomplete, a condition to be avoided in gauging 

Fig 360 illustrates diagrammatical ly the normal form of the 
issuing stream or nappe in longitudinal section The stream lines 

near the crest are curved 
upwards causing a vertical 
contraction, which is com- 
pletely d(‘veloped when the 
distance d is greater than 
2// When the hmght of 
the crest is so small rela- 
tively to the head of water 
over it that the tail w^atcr 
IS higher than the crest, 
the weir is known as a drowned or submerged weir 

Construction of Weirs. — The site for a WTir should be selected so 
that on the upstream side the channel is straight and free from great 
irregularities in order that the w^ater may apjiroach the wmr with as 
uniform velocity as possible The weir will be constructed of stout 
uprights and planking or tongued and grooved boarding, and the 
wall must be vertical and normal to the flow Sheeting may have 
to be used to prevent leakage below or round the sides The timbers 
forming the crest and sides of the notch are chamfered on the down- 
stream face, the edge not exceeding -J in in breadth Otherwise, 
an J in thick metal strip is fixed, as in Fig 360 The crest, in other 
than V notches, should be set accurately horizontal If the weir 
IS one with end contractions, these should be complete, so that the 
formulae based on that condition may be strictly applicable. This 
is ensured by making the distance between the sides of the upstream 
channel and the sides of the opening not less than twice the head 
The use of the standard formulae also assumes that the nappe is 






HYDROGRAPHICAL SURVEYING 465 


free from contact with the weir below the crest, to secure which 
there must be free admission of air under the nappe. 


Measurement of Head. — The dimensions of the weir being known, 
it is only necessary to measure the head of water over it to enable 
the rate of discharge to be computed By the head is meant the 
difference of level, H (Fig 360), between the crest, or the bottom 
of the V in the triangular form, and the surface of the sensibly still 
water several feet above the weir and beyond the influence of the 
depression of surface caused by it This upstream distance should 
always exceed 3// 

The measurement must be made with great care, more especially 
when the head is small. It is generally made by means of a stake 
driven into the bed at the still water and with the top at the level 
of the crest The head is then measured with a thin -edged scale or 
steel rule The accuracy of the observation is improved if the head 
is measured not in the flowing stream but in a small gauge pit in 
communication with the stream The connecting pipe, of 1 or 2 in 
diameter, must have its end at the stream placed at right angles to 
the direction of flow and at an adequate distance from the weir 
For the best results the hook gauge is used, the instrument being 
accurately set so that at zero reading the hook is at the same level 
as the crest Various forms of float gauge are also used, and record- 
ing mechanism may be added so that the varying level of the float 
can be plotted automatically. 

Dischaxge Formulae. — There are several formulse available for 
computing the rate of discharge over weirs, and the reader is referred 
to text-books on Hydraulics for a discussion of the subject. The 
simplest and most commonly used formula? are those of Francis 

Rectangular Weirs —For a sharp-crested rectangular weir without 
end contractions, and neglecting the effect of the velocity of the 
approaching water, Francis obtained 

Q - 3-33 

where Q = the discharge in cubic feet per sec 
L = the length of the crest in feet, 

H = the observed head in feet. 


The effect of the velocity of approach of the stream is equivalent 
to an increase of head. This velocity, v, need not be measured 
directly, but is obtained approximately by dividing the apprc\ximate 
discharge obtained as above by the cross-sectional area of the 
approach channel where the head is observed. The velocity head, 

1i — was allowed for by Francis by putting 

3-33i[(fl+A)*/*-A®/*]- 


The effect of velocity of approach is more commonly dealt with by 
increasing the observed head by ah, where a is an experimental 


P.G.S. I. — 2 H 
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coefficient having a value between 1*2 and 1*68, and which may be 
taken as 1*5, so that 

Q- 3 * 33 Zi(H+l *5 approximately. 

From the new value of Q a closer value for v can be obtained, and a 
second approximation may be made for Q, but this is seldom 
necessary since the velocity effect is small in most cases. 

For a weir with end contractions, experiment .shows that each 
complete end contraction shortens the effective length of the weir 
by about 0*1 H, so that for two end contractions, 

Q= 3 33(L-0-2//)i?®/2. 

or, allowing for velocity of approach, 

Q= 3 33(Z/-0-2//j)//i®/2, 

where or — according to the 

method of treating velocity head The velocity correction is usually 
insignificant in the case of weirs with end contractions, since the 
approach channel is of much greater sectional area than the nappe 

Triangular Weirs — In the case of a sharp-edged notch, with apex 
angle 0, the discharge formula has the form, 

0 = e tan 16 IP, 

the velocity head being negligibly small The values of p given by 
different investigators range from 2*47 to 2-5, and c varies from 
2*48 to 2-56 For ordinary measurements it is sufficient to adopt 

Q- 2*5 tan \d 

which, in the common case of a right-angled notch, gives the easily 
remembered expression, 

2*5// 2.5^ 

Correction for velocity of approach is seldom necessary, but can be 
made as before. 

Trapezoidal Weirs , — The discharge from a trapezoidal weir is 
the discharge over a rectangular weir of the same length of crest, and 
having end contractions, plus that over the triangular notch which 
would be formed by the sloping sides. If, therefore, \d is the 
inclination of the sides to the vertical, 

Q = 3-33(£-0-2//)i/®/2 + 2-5tan Id //*/*• 

By selecting \6 to make 2*5 tan \d = *666, we have 

Q = 3-33£//®/*- 

Cippoletti suggested tan and adopted 

0= 3-367 Li?3/2. 

Dams* — When an existing dam or broad-crested weir is to be 
utilised for the measurement of stream flow, the effective length 
and levels of the crest are measured. The dimensions of the cross 
section must be ascertained since the coefficient to be used in com- 
puting the discharge is derived from published results of experi- 
ments on dams of similar form. As with sharp-crested weirs, the 
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head is measured to the surface of the still water behind the dam 
If, at the time of gauging, part of the flow is discharged through or 
round the dam, the quantity so discharged must be separately 
measured 

The accuracy of the results is much inferior to that attained with 
sharp-crested weirs It depends greatly upon the selection of a 
suitable value for the discharge coefficient and also upon the con- 
dition of the dam, particularly as regards uniformity of crest and 
apron 


CHEMICAL METHOD OF DISCHARGE MEASUREMENT 


This method consists in introducing into the stream, at a uniform 
and accurately known rate, a fairly concentrated solution of some 
chemical, and comparing the analyses of the water before and after 
its introduction The percentage of the chemical found in the water 
(or the increased percentage, it the chemical is already present in 
the untreated water) bears the same ratio to its percentage in the 
solution as the volume of solution introduced per second bears to 
the discharge per second of the stream 


Or, let P = percentage of chemical in the solution used, 
p = percentage of chemical in the water samples, 
Q = flow of stream in cub ft. per sec , 
q— flow of solution in cub ft per sec. 

P(l 

Every second there is added 77— cub ft of chemical. 

100 


Its dilution in the water samples = 


Pq . 
1000 


_P_ 

100’ 




The success of the method is dependent upon several factors 
The chemical should be one for which a very sensitive reagent is 
available, and a sufficient quantity must be used that the ddution 
may not be greater than will permit of the analyses of the water 
samples being made with the required accuracy. Thorough mixing 
of the solution with the stream is essential On other than very 
narrow streams it should be introduced at several points across the 
width, the flow of solution being continuous during the test. Samples 
of the untreated water are taken at the station where the solution 
is introduced, and, at some distance downstream, samples of the 
much diluted solution are collected from all parts of the cross section 
after a sufficient interval has elapsed for the flow to arrive there. 
The distance between the stations must be great enough to ensure 
complete mixing. Conditions favourable to mixing are irregularity 
of alignment and bed, and the distance between the stations may 
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then be shorter than in the case of a stream with very uniform flow. 
The method is particularly suitable for turbulent streams with 
rocky beds. 

CONTINUOUS MEASUREMENTS OF STREAM 
' DISCHARGE 

Investigations of stream discharge made in connection with the 
design of water schemes should be continued over several years to 
ensure a reasonably accurate estimate of the extremes of flow. 
The necessary observations are made either by means of weirs or 
by the area-velocity method 

By Weir. — Continuous records are most easily and accurately 
secured by the weir method, and simply require the employment 
of an intelligent and reliable person to read the head daily A 
single daily observation is sufficient during periods when the head 
is changing slowly, but, when it is subject to rapid fluctuations, 
several readings should be made at intervals throughout the day * 
Continuity in the record of head is secured by the use of a self- 
registering gauge 

A continuous measurement of discharge may be obtained 
mechanically by means of a weir recorder. In this instrument a 
float rotates a cylindrical drum on which is cut a spiral groove, 
the curve of which is deduced from the weir formula. A lever 
engages with the groove and actuates a pen, which traces out a 
continuous graph of rate of discharge The apparatus may also 
be fitted with an integrating mechanism whereby the total flow 
up to any time may be exhibited 

By Area-Velocity Method. — in the application of this method, the 
discharge is measured on several occasions by current meter or 
floats at times of low, average, and flood stages With gauge 
heights as ordinates, and discharges as abscissse, the observed 
discharges are plotted, and through the points so obtained a curve, 
known as the discharge or station rating curve, is drawn This 
curve, ‘ or a table prepared from it, then serves to give the dis- 
charges corresponding to gauge readings taken daily by an observer 
or recorded by an automatic gauge The method is dependent upon 
permanence of the stream bed and stability of the gauge. In 
streamk with shifting beds the discharge curve may not remain 
applicable throughout a long investigation, but may require modi- 
fication from time to time in the light of additional gaugings. 

For an example of the comparative results given by one and four daily 
readings see “ Investigations Relating to the Yield of a Catchment Area in 
Cape Colony,” by E. C. Bartlett, M.Tnst C.E., Min. Proc. Inst. C.E., Vol. 
CLXXXVIII. 
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ANSWERS TO EXAMPLES 


CHAPTER III (page 100) 

1 B(^ Ur 53' , CM), 330^ 10' 

2 1,632 ft , 244^ 1' 

3 2 6 ft 

4 Total ( o-c)i(linatos B, +706 6, 

f 212 0,r, h 1,206 4,- 30 7, 
y>, + 2,000 ],-6] 8 ft 

5 858 0 ft S , 177 0 ft W. 

6 1 7 ft 

7 57 17', 05" 30', 673 7 ft 

8 3,756 0 ft 

0 636 4 ft 

10 1,204ft, 350 10' 

11 1,662 1 ft 

12 1° 50' 

13 86" 41' 18" 

14 027 4 ft 

15 (a) 1,507, 128, {h) 1,205 7, 

258" 33' 36" , {< ) 40 ’ 0' 36" 

16 254 8 ft, 249° 12' 

17 538 5 ft, 44° 26' 

18 374 1 ft , 180^ 

10 13" 34' 10" 

20 Latitude of EK should bo 383 8 , 

1 5 ft 

21 Line DE should be 100 ft 

longei 

22 101° 44' 

23 70 3 ft towards (1 , 1,070 7 ft 

24 279° 57' 49", 1,521 5 ft, 

25 223 ft. and 216 ft from A and J 

respeotiv'ely. 

26. 347 9 ft 

27 1,565 ft , 150° 23'. 

28 8 5 ft 

29 B, 23,786 ft N , 39,845 ft W , 

C, 22,756 ft. N , 40,862 ft. W. 

30 3 4 ft. 

31 407 81 dm , 2 316 dm 

32 4 7 ft. 

33. 841 ft. N, 13,911 ft. E 

34 529 4 ft 

35. 6,957 ft. 

36 114° 16'. 

37 2,907 ft 

38 AB, 85° 24', BG, 161° 37', 

CD, 262° 44' ; DE, 348° 28' ; 
EA, 6° 29'. 


30. Corrected mm and sec of lines 
jn given order ; 22' 40", 

36' 00", 14' 10", 49' 40", 
43' 00", 51' 00", 10' 00", 6' 30", 
56' 20", 35' 30", 17' 00", 6' 30", 
47' 40", 26' 10", 5' 40", 57' 00", 
43' 00", 36' 00", 12' 20", 
22' 40". 

40 Corrected latitudes ; 620*7, 

512 2, 1,028 4, 633*4, 821*9 
coriocted departures , 183 4, 
925 1, 729 5, 1,568 3, 118 9 

41 Coriected latitudes ; 1,425 9, 

503 0, 617 5, 921*6, 589 7, 
109 9 corrected departures , 
0, 712*1, 638*1, 219*1, 427 4, 
703*7. 

42 Corrected latitudes ; 341*3,413, 

235 1, 268 5, 244*9, 338*1, 
77 5, 382 0, 520*2 : cor- 

rected departures ; ^2 7, 

114 8, 338 1, 97 6, 290*7, 

187 3, 361 5, 220 6, 220 9 


C^HAPTER IV (page 234) 

1 Redui ed levels 75*40, 68 75, 

71 41, 76*54, 75 79, 80 01, 
84 50, 81 94. 

2 06 ft 

3 05 ft. 

4 A, 116 75 ; B, 115 77. 

5 05 ft. 

6 13 82 ft 

7 01ft, 03 ft. 

8 6' 2J", 5' 11", 5' Of, 6' 7", 

5' llj", 7' 5i", 5' 8i". 

9 Pegs too low by 06, 02, *08, 

03, 01, 0, *04, 0, 0, *02 ft. 

10 7 23 ft, 2,115*08 chn. 

11. 6 16 ft. at 500 ft. in excavation ; 

5 87 ft. at 1000 ft m embank- 
ment. 

12. Instrument is not in adjust- 

ment ; 100*00. 
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CHAPTER VII (page 312) 

] 7 ac 1 rd 6 pi 

2 175 cub ft per se( 

3 17 7, 9964 

4. 9 ac. 2 rdf 2J pi 

5. 488 sq ft. 

6 38 8 ft , 28 7 ft , 593 sq* ft 

7. 2 ac 2 rd 5 pi 

8 12 ac 3 rd 38 pi 

9 BX=- 195 3 ft , CY= 166 4 ft 

10 Dd-: 113 5 ft 

11 2,294 cub yd 

12 2,281 cub yd. 

13 313 sq ft , 1,170 cub vd 

14 12,701 cub yd 

15 141 cut) yd 

16 1 m 4 47 , 70 4 cul) vd 

17 330 cub yd , 267 cub yd 

18 “ 31 6 cub yd 

19. 4,069 cub vd 

20. (a) 784 million gal, (h) 787 

million gal , (c) 486 9 


CHAPTER VTir (page 364) | 

1 38" 49'. 1 

2 3184 91 2,340+82 2 1 

3 1,053 ft I 

5 (a) 6 85, {b) 1 14, (( ) 13 21, (d) ! 

313 4 45, 326+66, 320 ; 05 ‘ 

6 Total length 15,012 2 ft , ' 

chainagos, 4,696 3, 5,(‘46 1, 
11,008 5, 11,368 5 

7 133" 6' 30", 132" 9' 0", 131^ 12' 

0", 130° 14' 30", 130° 0' 0" 

8 11 59 chu , 32' 40", 1" 15' 40", 

1° 58' 40" 

9 382 14 chn , 394 26 dm. ; 13 7 

links 

10 680 47, 691 08, 710 56 dm 

11 36' 10", 1° 12' 10", r 48' 20", 

2" 24' 20" 

12 21°, 490 4 ft, 969 ft 

13 4,082 ft 

14. 66 2 ft, 120 7 ft , 1,863 ft 

15 3*47 dm , 5 18 dm. 

16 21 33 dm., 252 f 22 

17 19 64 dm, 1134 dm, 159 43 

elm 

18. 48 2 chn 

19. (a) 8-16 dm , (6) 629 45 dm , 

(c) 12-53 dm 

20 380 4 ft, 219 6 and 380 4 ft 

from B and C respectively. 


21 40 82 chn , 23 6 links 

22 891 7 ft., 15 1 ft from A away 

from C\ 27 1 ft from B to- 
wards C 

23 145 6 ft towards A 

24 13,340 5 ft, 126 5 tt 

25 2,000 ft , 110 1 ft towards C 

26 2 links towards C, 1 26 chn. 

away from E 

27 0° 16', ‘l 97 cfm 

28 9 02 dm 

29 (a) 5" 48', {b) 352 34, (() 3 48 

dm 

30 19 1ft 

31 2° 7' 40", 6 99 thn 

32 16 3 links towaids centies 

33 57 26 dm , 100 11 dm 

31 11 51 dm , 16 85 dm 

35 17 63 dm , 14 57 dm 

36 480 ft 

37 6 88 dm , 2 70 chn , 2 32 dm 

39 82 of theoretical (tint 

40 4 m , 145 tt , 5 3 m 

41 207 ft for ladial a( celeiation of 

1 ft per sec 6J in 

42 236 42, 235 78, 235 46, 235 15, 

235 77, 23b 40, 237 35 


CHAPTER IX (pnge 407) 

1 99 5 and 1 5, 484 tt 

2 454 sq ft 

3 531 ft, level of avis 169 3 oi 

1 0 ft 

4 3° 18' 

5 104 3 

6 260 3, 258 9, 279 6 ft 

7 1,407 ft , 223 3 

8 171 7,643 4 ft 

9 521 6 

10 173 1 

11 lm 39 3. 

12 1, 299 7 tt , 606 8 ,\ 2,1384 0 ft , 

635 2 , 3, 484 6 ft , 729 1. 

13 286-1. 

14 1,022 ft 

15 282° 9', 732 6 ft 

16 99-1 

17 13 421 

18 303 ft 

19. 202 8,593 ft 

20 245 0. 

21 474 ft , 233 3 

22 1,910 ft., 0 3 tt 



INDEX 


A 

ABJiiiRATioN, cJiioniatic, 12, 28 
spheiicdl, 13, 28 
Abney ( linomettr, 122 
Accuracy of ch<unuig, 134 

of compass tiavcrsmg, 181 
of ordinal y Icvcllmg, 232 
of stadia tacheometry, 388 
of theodolite tiaveismg, 175 
At hromatic lens, 1 3 
doublet, bl, 381 

Adjustment ot Abney clmorneter, 122 
ot box sextant, 54 
of chain, 40 
of t ompass, 97 
ot dumpy level, ll(» 
of line langei, 48 
of optual squait, 50 
ot plane table, 242 
of plane table surveys, 201 
of tilting level, 120 
of tiansit theodolite, 81, 85 
ot traverse siuvijs, 184 
of wye Ic \ c 1, 119 
of wye theodolitt, 92 
Adjustments, natuic of, (> 

Age of tide, 420 
Agonic lines, 159 
Allowable erroi in chaining, 134 
error in levelling, 232 
error m tiaversing, 175, 389 
Allowance in mass diagram loi change ol 
volume, 310 
Altitude level, 01 
American transit, 75 
Amsler’s polar planimcter, 284 
Anallatu lens, 375 

Angle measurement by theodolite, 79, 103 
of field, 27, 29 

Aperture of telescope, 20, 28 
Aplanatic lens, 14 
Arbitrary meridian, 100 
orienting on, 160 
Area, measurement of, 279 
Areas of cioss sections, 291 
Area-velocity method of discharge measure- 
ment, 453 
Arrows, 46 
Astigmatism, 14 
Astronomical checks, 1 75 
telescope, 10 
Attraction, local, 178 
“ Autoset ” level, 103 
Axis of lens, 9 

of level tube, 31 
of magnetism, 42 
Azimuths, 158 


B 

Back bearings, 1 01 

siglit in levellmg, 209 
Balancing of traverse sui v eys, 1 84 
Band cliain, 44 
Bairel distortion, 15 
Beaman Stadia Arc, 379 
Bearmgs, 158 

from angles, 1(>9 

Bcll-Elliot tangent reading tacheometci, 393 
Bench maiks, 21 0 

Bibliogiaphy on Hydrographical Surveying, 
4()9 

on M( asuromimt of Areas and Volumes, 
312 

on Plane T.iblc Surveying, 2()1 
on Recent Instruments, 1 25 
on Settmg out Works, 301 
on Tacheometncal Surveying, 400 
Boat, sounding, 431 
Boning rods, 22(> 

Booking of chain surveys, 139 
of levels, 21 1 

of sections, 217, 222, 223, 224 
of side widths, 355 
of soundings, 442 

of iacheomotrical observations, 401 
ot theodolite traverse, 170 
of tidal current surveys, 451 
Bo wd itch’s rule, 186 
Box sextant, 51 

Brightness of image, 20, 29, 101 , 374 
Bubble reflector, 102, 111, 112 
tube, 30, 61, 101 
Burel hand level, 121 


(’ 

C’ant, 345 

( 'apacity of reservoir, c aleiilation of, 303 
Care of instruments, 29, 124 
Carrymg forward the Ix^anng in theodolite 
traverse, 10b 
instruments, 124 

Casella’s double reading theodolite, 70 
tiltmg level. 111 
Centermg arrangement, 00 
error of, 171, 269 
plane table, 245 
theodolite*, 77 

Chain surveying fieldwork, 137 
Burveymg instruments, 43 
surveying note-keepmg, 139 
surveymg notes, area from, 280 
surveying principles, 135 
Chainmg arrows, 40 
errors m, 132 
method of, 128 
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Chains, 43 

Chambered level tube, 34 
Change points, 209 
Changmg face, 86, 92, 1(33, 170 
Characteristics of contour Imcs, 2G4« 
of mass diagram, 308 
Charlton level, 107 • 

Check bearmga, 174, 246, 401 
levels, 218 
lines, 135 

Chemical method of stream measurement, 467 

Chezy formula, 462 

Chromatic aberration, 12, 28 

Cippoletti weir, 4()3, 4(i(i 

Circular level, 34, 102, 103, 108, 382 

C’lrcumfcrentor, 94 

City surveying, 170 

Clamp and tangent HrieA\, 66, 64, 112 

Clmometcrs, 122 

Closing error in levelling, 232 

eiror m tiaveraing, 175, 184, 389 
Colhmaiion adjustment of level, I Ki, 119 
adjustment of theodohte, 86, 93 
method of reducing levels, 213 
Colourmg, 164 
Coma, 14 

Compaiative merits of cham and sted band, 
45 

of (liffeiont forms of levellmg stall, 1 13 
ol dumpy and wye levels, 106 
of methods ot carrymg bearmga forwaid, 
169 

ot methods of reduemg levels, 214 
of pelf -read mg and targel stalls, 114 
of systtms of plotting by eo-or(liuAte.s, 

192 

ot tangential and stadia taclieometiy, 
398 

ofVheodolite and free lu eilh Mii\eving, 
177 

ot A’^ertieal and noimal lod holding in 
tacheometiy, 387 

of whole circle and (iuadiaril.il icckon- 
ing, 1(30 

Comparison of earth solid and piismoid, 295 
Compass, 65, 94, 112, 241 
traversmg, 177 

Coinpensatmg diaphragm, 379 
eirors, 5 

Compound curves, 338 
lens, 13 

Conjugate foci, 1 1 
Connolly level, 108 
Constant errors, 5 
“ (kinstant " level tube, 34, 104 
Constants, tacheometer, 377, 383 
Contmuous measurements of stream dis- 
char^, 468 
Contour drawing, 271 
gradients, 272, 274 
mterval, 263 
lines, 262 

Imes, measurement of volume from, 302 
Contouring, 265 
Conventional symbols, 154 
Cooke’s reversible level, 106 
Co-ordmates, 181 
area from, 286 
plotting by, 191 


Correction, curvature and itfiaction, 231 
curvature, m carthwoik measurement, 
298 

prismoidal, 297 
Co-tidal Imes, 420 
Cross bearings, 174, 246, 401 
hairs, 20 

hairs, rcplacmg, 22 
rope sounding, 436 
sectioning by clmometer. 224 
sectionmg by handtlevel, 222 
sectioning by level and staff, 221 
sectioning by theodolite, 223 
sections, 221 

sections, contourmg by, 269 
sections measurement of ^ olume from, 
290 

staff, 48 

Cubic parabola, 351 
spiral, 350 
Cumulative errois, 5 
Current meter, 457 

Curvatuic and rtfi.iciion m levelling, 231 
correction in caitliwoik mLasiiiemcnt, 
298 

of field, 15 

Curves, compound, 338 
reverse, 343 
simple, 320 
tiansition, 345 
\irtital, 35() 

Cubbing’s level, 107 

D 

Dams, measurement of discliaige o\ei, 1()6 
Datum, 207, 210, 219, 442 
Declination, magnetic, 159 
Defer ts of lenses, 1 2 
Definition ol telescope, 26, 2^ 

Deflection angles, 163, 1(j9, 174, 322 
distances, 336 
Degree of curve, 321 
De Lislo clmometer, 122 
Departures and latitudes, 181 
Designation ot bearings, 160 
of curves, 321 
Diagonal eyepiece, 24 
Diagiams, stadia reduction, 403 
Dials, mmiiig, 94 
Diaphragm, 20 

Difficulties in curve ranging, 329, 341 
Dimensions of cross sections, 291 
Dip of needle, 41 

Direct methods of contouring, 2()6 

reading tacheometers, 380, 395, 398 
vernier, 35 

Discharge, stream, 452 
Dispersion m lenses, 1 3 
Distortion by telescope, 1 5, 29 
Distribution of velocity m streams, 453 
Diurnal inequality of tides, 418, 424 
variation of decimation, 159, 178 
Double float, 449, 454 

image tacheometers, 397 
reading theodolites, 70 
vernier, 36, 37, 39 

Drainage areas, measurement from contours, 
275 
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Drawing instruments, 151 
Droop of focuBsmg slide, 18, 87, 118 
Dumpy level, 101 

E 

Earthwork measurement from cross 
sections, 290 

measurement from spot levels, 300 
measurement from contours, 302 
Easement curves, 346 * 

Eastmgs and westmgs, 182 
Eccentricity of theodolite circles, 83 
of verniers, 83 

Ehmmation of index error, 65, 90 
of parallax, 25 

of residual errors of adjustment, 92, 170, 
227, 232 

End areas, volume by, 29(i 
Enlargmg and reducing drawings, 150 
Equalising boundaries, 279 
Equilibrium theory of tides, 412 
Ercctmg eyepiece, 24 
Errors, cumulative and compensating, B 
m chaining, 1 32 
in compass tiaveising, 180, 184 
in ordmary levelling, 22b 
in plane tabling, 259 
in tacheometry, 388 
in theodolite traversing, 170, 184 
of graduation, 83 
Establishment, 421 
Estimatmg microscope, 09 
Everest theodolite, 77 
Examples of chain surveys, 143 
ot curve calculations, 328, 341 
on levellmg, 234 

on measurement of areas and volumes, 
312 

on setting out, 3C4 
on tachcomctrical surveying, 407 
on traversing, 199 
Expedition in levelling, 233 
Extended vernier, 39 
Eyepieces, 23 

F 

Face, right and left, 85, 92, 163, 170 
Fergusson’s percentage unit system, 394 
Field and office work, 2 

books, 139, 170, 211, 217, 222, 223, 224, 
401, 442, 451 

checks in closed traverse, 173 

checks m unclosed traverse, 175 

notes, mcEisurement of area from, 285 

of telescope, 27, 29 

party for chain surveying, 1 27 

party for plane tablmg, 253 

party for sectioning, 216 

party for soundmg, 430 

party for tacheometneal surveymg, 399 

party for theodolite traversing, 162 

problems, 145, 196 

sheets, 257 

work of cham surveymg. 137 
work of compass traversmg, 180 
work of contouring, 265 
work of ordinary levelling. 215 


Field, work of plane table surveying, 243 
work of taoheometrical surveymg, 338 
work of theodolite traversing, 162 
Fix, streq|;th of, 249, 448 
Fixed needle surveymg, 177 
Float gauge, 427 
Floats. 449, 454 
Focal length of lens, 10 
Foci, conjugate, 1 1 
Focus, prmcipal, 10 
Focussing of telescope, 25 
Folded vernier, 39 
Footrulc clmometcr, J23 
Formation of images, 1 1 
Fom -screw levelling head, 69, 78, 101 
Francis’ formula, 4b5 
Free and fixed needle surveymg, 177 


G 

Galileo’s telescope, 16 
Ganguillet and Kutter’a formula, 4()2 
Gauges, river, 452 
tide, 426 

Geodetic surveymg, 1 
Grade staff readmg, 355 
Giadienter, 393 
Gradients, contour, 272, 274 
Gradiomcter, 123 
Graduation of levellmg staff, 113 
of stadia rod, 381 

of theodolite circles, 37, 61, 68, 83, 374 
Graphic tnangulation, 247 
Graphical adjustment of plane table triongu- 
latinn, 261 

adjustment of traverse, 188 
Graticule, 20, 268 
Gravatt level, 101 
Gunter’s chain, 43 
Gurley plane table movement, 238 


H 

Half breadths, 291 , 365 
Hand levels, 121 
Harmonic analysis of tides, 425 
Haul diagram, 306 
Hedley’s dial, 9b 

Height of mstrumont method of reducing 
levels, 213 * 

Hinged staff, 113, 381 
Hook gauge, 452 

Horizontal angle measurement, 79, 163 
axis adjustment of theodolite, 88, 93 
plane, definition of, 207 
Horse shoe curves, 334 
Huygen’s eyepiece, 24 
Hydrographical surveymg, 411 


I 

Illumination, 2b, 29, 101, 374 
of cross hairs, b5 
Image formation, 11, 16 
Inaccessible points, problems on, 146, 190 
Inclinometers, 121 
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Included angles, traversing by, 103 
Index error of sextant, 55, 433 
error of theodolite, 90 
error of movable hair tacheomet^^i, 3H5 
Indian clinometer, 255 
subtense bar, ^390 

Indirect methods of contouring, 209 
Inking m, 154, 219, 271, 448 
Instrument height method of redui mg It \ els, 
213 

Instrumental errors of box sextant, 54 
errors of chain, 40, 132 
errors of compass, 97, J 80 
errors of level, 115, 227 
errors of levelling staff, 227 
errors of optical square, 50 
errors of plane t.i,ble, 242, 259 
errors of tiicheorneter, 38 M 
errors of theodolite, 81, 170 
Interchangeable diaphragm, 23 
Internal focussing telescope, IS, (i4, 101, 111 
focussing telescope in tacheometry, 377 
Interpolation of con toms, 271 
Inteiacetion of siii faces, deteimiiiutioii bv 
contours, 275 
plane table, 247 

Interval between cross sections, 221 , 2(59, 290 
contour, 2b3 

Tntervisibility, determination by contours, 
273 

Irregular vaiiations of magnetic declination, 
100 

Isogoiyc lines, 159 

J 

iIeffcott direct leading tacheometer, 380 
Johnson plane table movement, 239 
Junctions of field sheets, 258 


K 

Kellner eyepiece, 24 
Kepler’s telescope, 10 
Knot, 452 

Kutter's formula, 462 


L 

tiAGOiNO Af tides, 416 
Land areas, 279 
Latitudes and departures, 181 
Load Ime, 431 
Lean’s dial, 96 

Least count of micromctei , 68 
count of vernier, 36 
Lehmann’s rules, 250 
Lenses, 9 
Lettering, 166 
Level book, 211 

Casella’s tilting. 111 
Charlton, 107 
Cooke’s reversible, 106 
Cushmg’s, 107 
dumpy, 101 
hand, 121 

rt /eTsible tilting, 103 


Level, solid dumpy, 102 
striding, bl 
tilting, 107 

Troiighton and Simms’ dumpy, 103 
Trough ton and Simms’ M'ye, 105, 
tube, 30, 61 , 101 
water 1 23 

Watts’ standard dumpy, 102 
Watts’ “ Aiitoset,” 103 
W.itts’ self adjusting, 111 
wye, 105 
Zeiss, 109 

Levelling, orrlmarv, 207 
recipioral, 232 
Hirews, 58 
staff-^, 1 12 

Levelling up, 78, 115, 244 
LeAeL, general featuics of, 101 
tj'pes of, 101 
Line of sight, 1 7 

of Might, adjustment of, 86, 93, 97, 116, 
119, 120, 243 
Jane lauger, 47 
lanen tape, 4(i 
Link, 43 

Local altrac lion, 178 
Location of soundings, 435 
of works, 310 
survej', 318 

Longitude of traverse lines, 286 
Longitudinal sections, 216 
Limitidal interval, 420 


M 

Magnetic axis, 42 
declination, 159 
dip, 41 

meridian, 158 

meridian, orienting on, 165 
needle, 41 

Magnification, 26, 29, 64, 374 
Marine aurveymg, 411 
Markmg survey stations, 138, 162 
Mass diagram, 306 
Measurement of area, 270 
of haul, 309 

of horizontal angles, 79, 1G3 
of offsets, 136, 138 
of stream discharge, 462 
of survey Ones, 127 
of vertical angles, 80, 122, 264 
of volume, 280 
Meridians, 168 
Metallic tape, 47 
Meteorological tides, 425 
Micrometer, 06, 374 
Miner’s dial, 94 

Miscellaneous levelling instruments, 123 
field problems, 145, 196 
setting out operations, 355 
Mistakes, 5 

in chaming, 132 
in ordmary levelling, 226 
in theodolite surveymg, 170 
m rcadmg verniers, 40 
Mountmg cross hairs, 22 
drawing paper, 152 
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provable head 60 

stadia hairs, 371, 374, 385, 387 


N 

Natural souiccs of cnor, 172, 230, 389 
Neap tides, 415 
NeeiUe, magnetic, 41 
Newton’s theory of tides, 412 

proof of prismoidal formula, 294 
New York rod, 1 M 
North, magnetic, 1 58 
tiue, 158 

Northings and southings, 182 
Notches, discharge over, 4()3 
Note-keeping in chain surveying, 139 
in levelling, 211, 217, 222, 223, 224 
in sounding, 442 
in tacheomidru al surveying, 401 
m tlieodolite surveying, 170 
m tidal current surveying, 451 


0 

OiiJECT glass, 16, IH 
Observation of bcaimgs, 1()4 
Observing with box sextant, 54 

with clinometer, 122, 224, 255, 272 
with level, 114, 121, 207, 227, 2(ib 
with optical squaie, 50 
with piismatic compass, 100 
w ith tacheonieter, 38() 
with theodolite, 79, 163, 223, 389 
Obstacles in chain surveying, 147 
m setting out curves, 329, 341 
in theodolite surveying, 19b 
Offset rod, 47 
scale, 153 
Offsets, 136 

Omitted measurements m traversmg, 193 
Omnimctcr, 391 
Optic al centre, 9 
plummet, bO 
square, 49 

Ordinates, measurement of area by, 281 
Ordnance bench marks, 211 
datum, 210 
scales, 151 

Orientation of instrument in plane tabhng, 
244 

of instrument m thcodobte traversmg, 
164 

Overhaul, 311 

P 

Packing mstruments, 125 
Paper, drnwmg, 152, 241 
location, 318 

mountmg on plane table, 241 
Parabola, settmg out, 356 
cubic, 361 
Parallax, 25 

Parallels, settmg out, 147, 108 
Party, field, for eh am surveyiog, 127 
for plane tabhng, 253 
for sectioning, 216 


Party, field, for sounding, 430 

for tacheometncal surveyuig, 309 
for theodolite traversmg, 162 
Peg mctijpd of level adjustment, 116 
Pendulum plumb bob, 382 
PercTiitage unit system, 3^4 
Pcimissible error in chaining, 134 
error ill Icvelhng, 232 
ciror m traversing, 175, 389 
IVrjjc'iidieulars, settmg out, 1 46, 1 98 
Phase prediction o^ tidc^s, 421 
Pincushion distortion, 15 
Plam compass, 94 
Plane table surveying, 237 
Planimetc'r, 282 
Plotting by co-ordinates, 191 
cham suivi'vs, 151 
contours, 2bti, 268, 269, 271 
eioss sections, 222, 224, 225 
in jilaiie table surveys, 258 
profiles, 219 
soundings, 444 
tticheomeinc al sui veys, 405 
tidal current observations, 451 
travel sc surveys, 189 
Plumb line, 69, 207 
Pliiiiibmg fork, 241 
Points, rcdicule, 21 
Poles, ranging, 47 
Porro lens, 375 
Power of lens, 10 

Precautions m oidmary levoUmg, 226 
in compass travel sing, 178 
in eo-oidinate plotting, 192 
m theodolite traversing, 170 
in using mstiuments, 124 
Piehmmary survey, 317 
Primary tide wave, 419 
traverse, 157 
Piiming and lagging, 416 
Prism square, 61 
Prismatic compass, 99 
Prismoidal correction, 297 
formula, 294 
Problems, field, 146, 196 
Profiles, 215, 219, 317 
Proof hnes, 136, 174, 246, 401 
Protractor plottmg, 189, 405 


Q 

Quadrantal bearings, 160 
Quantities, earthwork, 289 
Quick levelhng head, 66, 103 112, 306 


B 

Kadiation, 170, 245, 266, 400 
Bailway curves, 320 
earthwork, 290 
location, 316 
profile, 220 
theodolite, 68 

Bain, care of mstruments in, 124 
Bamsden eyepiece, 23 
Bandom line, 148, 196 
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Range of tide, 422 
Ranging lines, 127, 147 
poles, 47 

Rating current meters, 46S 
Ray shade cLnomcter, 123 
Reading level staQ, 114, 228, 230 
micrometer, bS 
stadia rod, 386 
vernier, 40 

Real and virtual images, 10 
Reciprocal levelling, 232 
Reconnaissance, 2, 137, 162 
survey, 316 

RectanguLar weir, 463, 465 
Reduced bearings, 161 
level, 207 

Reducirg and enlargmg drawings, 156 
Reduction of bearmgs, 161 
of levels, 211 

of sextant angles to horizontal, 54 
of slope measurements to horizontal, 1 31 
of soundmgs, 442 

of tacheometrical observations, 402 
of tidal current observations, 451 
Referenc es on Hydrograpliical Purveying, 469 
on Measurement of Areas and Volumes, 
312 

on Plane Table Surveying, 2(il 
on Recent Instruments, 125 
on Setting out Works, 361 
on Tacheometiical Smveying, 406 
Refraction in levelling, 231 

m^tacheometry, 384, 389, 398 
through lenses, 9 

Relative merits of chain and steel band, 45 
of different forms of levelling staff, 113 
of dumpy and wye levels, 106 
o&methods of carrying bearings forward, 
169 

of methods of reduemg levels, 214 
of self -reading and target staffs, 114 
of systems of plottmg by eo-ordmates, 
192 

of tangential and stadia tacheometry, 
398 

of theodolite and free needle surveying, 
177 

of vertical and normal rod holding in 
tacheometry, 387 

of whole circle and quadrantal reekon- 
mg, 160 

Remagnct&mg needle, 42 
Replacmg cross-hairs, 22 
Representation of relief, 262 
Requirements of magnetic needle, 42 
of theodolite, 81 
Resection im plane tabhng, 24S 
Reservoir, volume measurement of, 303 
Resolvmg power of telescope, 25, 28, 230 
R-eticule, 20 
Retrograde venuer, 37 
Reversal, prmciple of, 7 
of level tube, 31 
Reverse curves, 343 
[Icversible levels, 106, 108 
Right angles, settmg out, 145, 198 
Rise and fall system of reduemg levels, 212 
of tide, 422 

Rivet ^setftTge measurement, 452 


Rod floats, 449, 455 
levelling, 112 
offset, 47 
sounding, 431 
stadia, 381 

Running sections, 215 

survey lines, 138, 170, 174 


S 

Sag, 133 
Scales. 151, 219 
Scotch staff, 113, 381 
Screw focussing cycpiccc, 23 
Section drawing from contours, 273 
Sections, cross, 189, 215, 221, 233, 251, 209 
290, 355. 455 
longitudinal, 216, 317 

Secular variation of magnetic declination, 15 
Selection of change points, 229 

of survey stations, 137, 162, 399 
Stdt-adjusting levels, 108 
Self reading staffs, 112, 381 
Sensitiveness of level tube, 32, 61, 84, 191 
of magnetic needle, 42 
Separate piece staff, 113, 381 
Sciies levellmg, 208 
Setting out compound curves, 340 
cross seetinns, 221 
hori/ontal angles, 80 
levels, 226 

longitudinal sections, 216 
parallels, 147, 198 
IH'rpendiculars, 145, 198 
plan, 320 

reverse cuivcs, 343 
simple curves, 324 
slope stales, 355 
structural work, 320 
transition curves, 362 
tunnels, 357 
vertical curves, 356 
viaduct piers, 358 

Sotting up mstiuments, 77, 124, 244 
Sextant, box, 51 
sounding, 433 

Shift for transition curve, 351 
Shifting heads, 60 
Shore lino surveys, 429 
signals, 434 
Side widths, 291, 355 
Signals, 128, 233 
Signs, conventional, 154 
Simple curves, settmg out, 324, 335 
Simpson’s rules for areas, 282 
rule for volumes, 296 
Size of field of telescope, 27, 29 
Slope, chaining on, 1 30 
staking, 355 

Solid type dumpy level, 102 
type levellmg staff, 113 
Sopwilh staff, 112 
Soundmg, 429 

Sources of oiror m chaining, 132 

of error m compass traversmg, 180 
of error m ordmary levellmg, 226 
of error m plane tabhng, 259 
of error m tacheometry, 388 
of error m theodolite trft\crsing, 170 
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Southings, 182 
Spherical aberration, 13, 28 
Spider webs, 20, 22 
Spiral, cubic, 350 
transition, 348 
Spirit level, 30, bl, 101 
Spot levels, 2()2 

measuiement of volume lioin, 300 
Spring and neap tides, 41 5 
Square optical, 49 
prism, 51 

Squares, eontourmg by, 270 

measurement of area by, 280 
measurement of volume by, 300 
Stability of mstiumeiit, 7, 82, 171, 229 
Stadia lois, 381 

system of tacheomotrv, 370 
Staff, cross, 48 
gauge, 42(i 
Icvtllmg, 112 
offset, 47 
UeheoiiK tiic, 3Sl 
St.ind, tiipod, 43 
Stiindard toi testing cliain, 4(i 
Stanley eom])eiisatiiig diapbiagni, 379 
iStation maih'i, 138, l(i2, 434 
1)0111 tei, 445 
SUel baud, 44 
tape, 47 

Steiiiheil eyepuv t , 24 
Stepped NNCir, 4()3 
Stepping mea'-uremtnls, 130 
Stream disc haige measure men t by ( In mu a Is, 
4(.7 

dischaige iiu asuieiiu nt bv current nn t( i , 
457 

dischaige meaauiciuent by floats, 454 
discharge' measurement bv wcir, 4(i3 
Stieiigth of fjx, 249, 448 
Stiidmg level, (il 

Strips, measuiement of area by, 280 
Subtense bar, 39(» 

Supei elevation, 345 
Suivey adjustment, 184, 201 

Imea, 137, 157, 102, 240, 398 
location, 318 

party, 127, 11)2, 210, 263, 399, 430 
pieliininary, 317 
leconnaLssance, 2, 31 () 
stations, 138, 1()2, 398 
Suiviymg, cliaui. 127 
compass, 177 
geodetic, I 
hydrographical, 41 1 
plane, 1 

plane table, 237 
prmciplca, 3 
taeheomeliical, 370 
theodolite, 157 
Swingmg levelling staff, 228 
Symbols, conventional, 154 
Systematic errors, 5 

S/epessy direct-ieadmg tacheometer, 390 


T 

Tacheomltlr, 374 
Tocheometrical' surveymg, 370 


Tangent-leading tacheometer, 393 
screw, 60, 04, 112 

Tangential system of tacheometry, 389 

Tapes, 40 

Target staffs, 114 

Tavi‘‘.ock theodolite, 73 

Telemetry, 370 

Telescope, 10 

adjustment of, 80, 93, 98, 110, 119, 120, 
243 

taie of, 29 

level of theodolite, 01, 80, 90 
(jualities ol, 25 
^sting of, 28 

Telt'scopu alidade, 240, 260, 379, 405 
staff, 112, 381 

Tempoiary adjustments of le\cl, 115 
adjustments of theodolite, 77, 91 
Testing of Abney elmometei, 122 
of box sextant, 54 
of e ham, 4() 
ol compass, 97 
(»f dumpy h vel, 1 Iti 
ot h vel tube, 31 
ot liiK' 1 anger, 48 
ot optical squaie, 50 
ot plane table, 242 
ot iek'scoiie, 28 
of tilting lev el, 128 
ot tiansit theodolite, 81, 85 
ot w ye level, 1 1 9 
of wye theodolite , 92 
1 he odedite*, 55 

adjustnumts, 85 
Case'lla’s double leading, 70 
details, 58 
double leading, 70 
Kvere'St, 77 

obse'iving with, 79, 1(»3, 223, 389 

TavistoiK, 73 

transit, 58 

veiniers, 37 

Wild universal, 71 

wye, 7t» 

Three point jnoblim in jilant tabling, 249 
problem m marine surveymg, 441, 445 
Three-serew lev(‘Ilmg head, 68, 79, 101 
Thiupp’s ripple* metl exl of veloeity measure- 
ment, 401 

Tidal cui rents, 424, 449 

obseivations, 419, 426, 430, 442, 449 
Title, age of, 420 

establishment, 421 
prediction, 421, 423, 425 
piimmg and lagging of, 41 (t 
producing force, 412 
range and rise of, 422 
Tides, observed phenomena eif, 'fl 9 
spring and neap, 416 
theory of, 412 
Tic lines, 135 

Total latitudes and departures, 191 
Transit theodolite, 58 
Transition curves, 345 
Trapezoidal rule for areas, 281 
weir, 403, 4C0 

Traverse, adjustment of, 184 
area of closed, 280 
cbcckmg, 173, 184 
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Traverse, compass. 177 
co-ordmates, 181 
errors m, 170, 180, 388 
omitted measurements m, 193 
plane table, 246 
plotting, 189 
tables, 182 
tacheometne, 398 
theodolite, 162 
Triangle of error, 250 
well-conditioned, 137 
Tiiangular weirs, 463, 4b0 
Tiiangulation, 3, 256, 31b, 358, 399, 429 
plane table, 247 
Tripod stand, 43 
wall, bb 

Trough compass, 65, lb5, 241 
Troughton and Simms’ dumpy level, 103 
and Simms’ wye level, 105 
True meiidian, 158 

meridian, orienting on, 1(54 
Two-peg adjustment of level, I lb 
Tw'o-pomt probh'm, 252 
Types ot theodolite, 5S 


U 

United St\tes Coast and (hoditie Survey 
plane tabic movement, 239 

Units ot area, 279 
of length, 44 
of stream discharge, 452 
of' volume, 290 

Uses of eontoui plans and maps, 273 


V 

V notches, discharge over, 4bb 
Variation of magnetic declination, 159 
“'^''locity of approach, 4b5 
Vernier, 35 
direct, 35 
double, 37 
extended, 39 
folded, 39 
retrograde, 37 


Vortical angle measurement, 80, 122, 254 
control m plane tablmg, 254 
cuives, 350 

index tiamc, adjUbtincnt ot theodolite, 90 
Viaduct pieis on cuivc, setting out, 358 
Volume measurement from cross sections, 290 
measurement from spot levels, 300 
measurement from contour lines, 302 
Vulgar establishment, 422 


W 

Wall tripod, ()b 
Watei glass, 433 
level, 123 

Watts’ “ Autoset ” level, 103 
self-adjusting h'Vtd, 111 
standard dumpy level, 102 
Waving It'vi'lling staff, 228 
Webs, spider, 20 

Weddell’s sounding maehinc , 432 
Weight gaug( , 427 
Weighting e)t obsi ivations, 185 
Wdi method ot disehaigo measurement, 463 
Well ( onditioned tiiangles, 137 
Westings, 182 
^Vliole circle beaimgs, IbO 
Wild double image taeheometi i , 307 
universal theodolite, 71 
Wmd. caie ot mstiumiiits in, 124 
Wood, ( ham smve\ of, 143 
WoikiiiH pioliie, 220 
\\v( levil, 105, 119 
theodolite, 7b, 92 


Y 

Y LEVEL, 105, 119 
theodolite, 76, 92 


Z 

Zfciss double image Uchcometer, 398 
level, 109 
Zcio circle, 285 
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